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ABSTRACT 
 Area burned has doubled in Alaskan boreal forest over the past several decades, and fires 
are expected to increase in frequency and size as a result of anthropogenic climate change in the 
21
st
 century. Because wildfires have an important regulatory role in maintaining boreal forests, 
fire-regime shifts can have large ecological and socioeconomic repercussions. Understanding the 
patterns and controls of forest fires is crucial for anticipating future fire-regime shifts at local to 
regional scales. To assess top-down (climate) and bottom-up (land cover) controls, I conducted 
paleoecological analyses spanning the past 7000 years and landscape analyses of the past decade. 
I used macrocharcoal to reconstruct fire history based on lake-sediment cores collected from 24 
lakes in south-central Alaska. These records were compared to regional paleoclimate records to 
elucidate the response of boreal fire regimes to climate change. To assess the importance of 
bottom-up controls, I compared the spatial relationships between land cover, fire history, and 
climate in Alaska over the past decade.   
 My results show that climate and land cover both exert important controls of boreal forest 
fires. Over the past 3000 years, regional biomass burning is correlated with summer temperature 
variation in the Northern Hemisphere (r = 0.68, p < 0.01). Moreover, over the past decade, warm 
and dry summers (quantified by precipitation - potential evapotranspiration) are correlated with 
annual area burned (r = -0.81, p < 0.01) and total number of fires (r = -0.89, p < 0.01). Among 
the land-cover types, coniferous forest and woody wetland are positively correlated with area 
burned whereas shrub-scrub, dwarf scrub, and fuel-free (open water and barren) areas are all 
negatively correlated with area burned over the past decade. The density and spatial arrangement 
of open water on the landscape also had a large influence on the fire regime. Over the past 7000 
years, fire history records with local landscapes with an abundance of water bodies had a lack of 
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fires, whereas records from areas with few water bodies had distinct charcoal peaks. Thus, we 
can infer that water bodies can function as natural fire breaks that limit the spread of fire. These 
results suggest that vegetation does not burn randomly and land cover can have major effects on 
fire regimes. 
 Land-cover and climate controls interact and shift in their relative importance through 
time, highlighting the complexity of fire regime controls. My results reveal that biomass burning 
and mean summer temperature are not significantly correlated from 6000-3000 years ago, but 
become positively correlated with varying correlation strengths from 3000 years ago to present (r 
= 0.40-0.66, p = 0.001- 0.040, using 2000-yr moving windows). This shift suggests that climate 
became a more important fire regime control 3000 years ago, likely as a result of vegetation 
shifts in the region. Land-cover influence on the climatic controls of biomass burning is also 
evidenced by the significant correlation between the amount of open water within 5 km of each 
study and biomass burning during the coolest periods (r = -0.21, p = 0.02), but not the warmest 
periods (r = -0.05, p = 0.30). When examining all major land cover classes, dissimilarity analysis 
reveals that the proportion of land cover burning is more similar to a null model of vegetation 
burning in warmer/drier years than in cooler/wetter years, suggesting that land cover plays a 
more important role in controlling area burned when climate conditions are less favorable for 
wildfires.  
 Overall my research shows that fires are driven by complex controls that are interactive 
and dynamic over a range of spatiotemporal scales. These results imply that continued 
anthropogenic warming and drying may be associated with increases in biomass burning as a 
result of the drying of water bodies and fuel. However, our results spanning decades to millennia 
also indicate that changes in the vegetation composition of Alaskan boreal forests can dictate the 
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influence of climate on the fire regime. Thus, the possibility exists that an increased prevalence 
of early-successional vegetation, resulting from increased fire frequency and severity, may exert 
a negative feedback to biomass burning.  
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CHAPTER 1: GENERAL INTRODUCTION 
 Fire is one of the most important disturbances in boreal forests, affecting ecosystem-scale 
processes to global atmospheric chemistry. Thus, small perturbations in the fire cycle have the 
potential for large-scale ramifications. Mean temperatures in Alaska have risen by 1ºC during the 
20
th
 century (Serreze and Barry 2005) and are projected to continue increasing ~2-6 ºC this 
century (Solomon 2007). Coincident with increasing temperatures, fire frequency and area 
burned have doubled in the Alaskan boreal forest since the 1960’s (Kasischke and Turetsky 
2006). Predicted warming of the northern high latitudes may accelerate the increasing trend of 
boreal-forest burning. However, boreal-forest fires are driven by complex interacting controls, 
including ignitions, landforms, vegetation, and precipitation as well as temperature. Thus, the 
implication that increasing temperatures will cause increases in area burned needs to be tested 
over periods of time when temperature varied with a similar magnitude to the current warming 
and with different configurations of potential local-scale controls. Understanding how fire 
regimes vary spatially and temporally is crucial for predicting wildfire response to future climate 
change and for determining socio-economic impacts at local to global scales. For my 
dissertation, I have created a unique dataset with the spatial and temporal power to quantitatively 
determine boreal-forest fire controls at multiple scales and evaluate wildfire drivers. 
 At its most basic, for a fire to occur and spread there must be an ignition, flammable 
vegetation, and weather conducive to fire spread (Parisien et al. 2011). Nonetheless, 
understanding fire controls is complicated by each driver acting on different temporal scales, 
from seconds to centuries, and spatial scales, ranging from the microsite to the region (Parisien 
and Moritz 2009). On the scale of days and individual fires, weather, topography, and fuel act as 
important controls, but at decadal and regional scales climate, ignitions, and vegetation are more 
important (Parisien and Moritz 2009). Since climate and land cover are important at several 
2 
 
spatiotemporal scales, I focus on climate as the major top-down fire regime control and land 
cover as the major bottom-up fire regime control.  
 Climatic conditions represent major large-scale controls of the boreal forest fire regime 
(e.g., Kasischke and Turetsky 2006, Bond and van Wilgen 1996, Kasischke et al. 2002). Ideal 
climatic conditions for fires include high temperatures and aridity, which result in dry fuel 
(Flannigan et al. 2009). Once these conditions are met an ignition event (lightning or 
anthropogenic) is required for a fire to occur. In interior Alaska, lightning strike frequency is 
highest in June and July (Reap 1991). Although there is a trend between increasing temperatures 
and increasing number of strikes (Duffy et al. 2005), temperature and lightning are not directly 
related; however, both are associated with persistent positive midtroposphere anomalies (Fauria 
and Johnson 2006). Wildfires in Alaska are unlikely to be ignition limited, particularly in interior 
Alaska where lightning strikes an average of 44,000 times per year from 2002-2011 (AICC 
2013). Wind can also exert a strong control on forest fires, with strong winds making it more 
likely for crown fires to occur and thus for increased fire spread (Bessie and Johnson 1994). 
Recent studies have shown that climate is the dominant predictor of annual area burned in 
Alaska (Duffy et al. 2005, Balshi et al. 2009). For example, >75% of the regional variation in 
interior Alaskan annual area burned can be explained by variability in temperature and 
precipitation since 1950 (Duffy et al. 2005, Balshi et al. 2009). Thus on large spatial scales, 
climate is an important driver of wildfires in the boreal forest.  
 At local scales individual fires are controlled by bottom-up drivers, which control fire 
ignition and spread. Bottom-up factors, such as topography (Stambaugh and Guyette 2008), 
slope (Cyr et al. 2007), aspect (Clark 1990), the spatial arrangement of fuels (Miller and Urban 
2000), and distance to water bodies (Dansereau and Bergeron 1993), can strongly affect local fire 
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occurrence and spread through changes in microclimate and potential fuels (Heyerdahl et al. 
2001). For example, heterogeneous mosaics of land cover types on a landscape can decrease fire 
spread, because fires often burn out when switching between fuel types or species (Lloret et al. 
2002). In the boreal forest, different vegetation communities exhibit different flammability 
(Cummings 2001) with increases in Picea mariana leading to increases in fires (Yarie 1981). 
Picea mariana is a semi-serotinieous conifer with a high-resin content and forms a lattice of 
small dry twigs and needles that are highly flammable (Yarie 1981). Picea mariana is at a 
competitive advantage in boggy muskeg habitats (Rupp et al. 2002, Lutz 1956) and thus long-
term increases in moisture may have led to increases in Picea mariana and associated forest fires 
during the Holocene (Lynch et al. 2004). Fire breaks or barriers, such as water bodies and barren 
land, can also exert a local control by reducing fire spread (e.g., Grimm 1984, Larsen 1997, 
Hellberg et al. 2004). For example, increased landscape heterogeneity associated with fuel-free 
land cover types results in less intense and less frequent fires compared to nearby homogeneous 
landscapes with larger contiguous patches of fuel (Dansereau and Bergeron 1993). Thus bottom-
up local scale drivers can also act as important controls on boreal forest fires.  
Although climate and land cover are independently important in controlling fires, fire 
occurrence and spread are mediated through complex interacting controls working at numerous 
spatiotemporal scales. These relationships are particularly complicated because over time the 
relative importance of top-down and bottom-up controls can shift, making it difficult to identify 
the influence of particular controls on fire regimes. For example, in the Pacific Northwest fire 
synchrony tests suggested that the fire regime was dominated by local controls from 2500-5000 
years BP and switched to favor regional climatic controls from 0-2500 years BP (Gavin et al. 
2006). Fire regime controls are also difficult to identify because there is the potential for fire 
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regime controls to interact and for certain controls to overwhelm others under certain conditions 
(Turner and Romme 1994). For example, in Yellowstone National Park, Turner and Romme 
(1994) found that when burning conditions were less conducive to fires, local landscape features, 
such as the spatial arrangement of fuels, are important controls of fire spread. However, when the 
climatic conditions are more conducive to fires (e.g. with low fuel moisture, strong winds, and 
multiple ignitions) fuel connectivity had a diminished effect on fire spread. This phenomenon 
has been invoked as a potential explanation of the results in several studies (e.g., Miller and 
Urban 2000, Gavin et al. 2006, Kennedy and McKenzie 2010), but little empirical evidence 
exists that demonstrates that climate changes the importance of bottom-up fire controls.  
To elucidate the controls on boreal-forest fires, my dissertation research draws primarily 
from two sub-fields of ecology: paleoecology and landscape ecology. I reconstructed fire 
histories from 24 lake-sediment records from Alaska extending up to 7000 years before present. I 
then compared my data with nearby paleoclimate records and spatial data of climate, fire, and 
land cover for the past decade. Because of the large spatiotemporal scale of my study, I was able 
to answer questions about fire regime controls that were previously difficult to address. Previous 
studies have primarily focused on ≤4 lake-sediment cores from a region and were able to 
reconstruct the fire regime at millennial timescales. With so few replicates, statistical 
comparisons between regions or on fine time scales were not possible. However, I reconstruct 
the fire history from 24 sites across a single region; these replicates enabled me to statistically 
test my hypotheses about regional fire regimes on centennial scales. Typical landscape-scale fire 
studies are performed using modern land cover, and even with several decades to a century of 
observed data, longer-term trends are impossible to interpret because the length of the record is 
often shorter than even a single fire return interval. However, my fire-regime reconstructions 
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span the past 2000 years, which enables the examination of the landscape in the context of two 
millennia of fire history. Thus, as a result of the sampling design employed here, my dissertation 
research uses an approach to better understand fire regimes spatially and temporally.  
 Although it is well known that climate is a major driver of the regional fire regime today, 
there is a large amount of variability that remains unaccounted for in area burned and fire 
frequency. To examine this variability in my second chapter I sample four different 7000-year 
charcoal records in south-central Alaska selected for the relative density of water bodies in their 
local landscape. I reconstructed the biomass burned and fire frequency of each site (Higuera et 
al. 2009) and then tested the accuracy of the reconstructed fire history through time (Kelly et al. 
2011). If the fires responded to regional temperature controls, the records would all have 
simultaneously high or low fire frequencies. In contrast, if fires are not synchronized, local, 
bottom-up controls probably act as important drivers at each site. Although I find that the fire 
frequencies of the four sites are highly variable, biomass burned in the reconstructions have 
similar patterns to summer temperature over the past several decades. The spatial analysis of the 
sites indicates that lake density in the area surrounding the study sites has a substantial effect on 
the on local fire history. These results indicate that local fire regimes responded to both bottom-
up landscape and top-down summer temperature act as fire controls on millennial scales (Barrett 
et al. 2013). 
 I further explored these relationships by determining if summer temperature shifts altered 
the biomass burned and the frequency of boreal forest fires by using a regional fire history 
composite. In my third chapter, I examine 24 lake-sediment fire history records spanning the past 
two millennia from the boreal forest of south-central Alaska assuming that, according to the law 
of large numbers, pooling fire histories from individual sites will converge on the regional fire 
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regime. Since I have previously determined a millennial scale link between lake density and fire 
history, I also examine the amount of open water land cover around each site in this larger 
dataset to determine if there is an interaction between climate and land cover in controlling the 
fire regime on centennial to millennial scales. I find that small changes in summer temperature at 
the ecoregion to hemispheric scale have likely caused variations in biomass burned in the past. 
This relationship is driven by increases in biomass burning that occur during the warmest 
periods. My analysis confirms the relationship between temperature and fire observed over the 
past several decades (Kasischke and Turetsky 2006) and millennium (Barrett et al. 2013) and 
suggests that biomass burning will increase as temperatures continue to increase. This increased 
burning during warmer periods is also associated with a decreased efficacy of firebreaks during 
the warmest periods. This result builds on my previous finding that water bodies effect the fire 
regime (Barrett et al. 2013) by extending to the conclusion that landscape interacts with 
temperature to control fire history. Therefore, the patterns that have emerged from my 
dissertation research hint at complex interactions between top-down regional climate and 
bottom-up fuel land cover connectivity in controlling the wildfires of the Alaskan boreal forest 
on millennial scales. 
 The final chapter of my dissertation focuses on determining the importance of climate, 
land cover, and their interaction on controlling interior Alaskan boreal forest fires by utilizing 
climate, land cover, and fire datasets from the past decade. Thus, this study focuses on 
understanding fire regime controls as in the previous chapters, but now has a different 
spatiotemporal focus to better determine if these fire regime controls and interactions are 
occurring today. In this analysis, I preform spatial analyses of fire history, temperature, and 
precipitation datasets from 2002 to 2011 AD and land cover from 2001 AD. I find that climate 
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and land cover are both controls of area burned and that there are large differences between the 
vegetation types that are consumed in fires during warm/dry years compared to cool/wet years. 
Furthermore, I find that during warm/dry years fires burn vegetation in proportions similar to the 
proportion that vegetation exists on the landscape; however, cool/wet years burn vegetation more 
dissimilarly to the vegetation that exists on the landscape. This suggests that there is an 
interaction between top-down and bottom-up controls, with land cover burning differently during 
different climate conditions. With boreal forest fires continuing to increase in number and extent, 
a better understanding of fire drivers is critical for predicting the consequences of anthropogenic 
initiated changes to top-down and bottom-up fire controls. 
 My dissertation elucidating boreal forest wildfire controls is the first on such a large 
spatial and temporal scale to use a paleoecological approach in the boreal forest. Because this 
study includes 24 lake-sediment cores in a relatively small area over several millennia, this 
unique dataset allows for the analysis of shifts in fire controls with a statistical power not 
possible until now. The results of this cutting edge research will have important implications for 
predicting how fire regimes might change under future anthropogenic warming scenarios. 
Additionally, successful wildfire management plans must be created with an understanding of 
the potential range of both spatial and temporal variability of fires. As the climate continues to 
change, understanding the controls on fire regimes is crucial for both predicting and controlling 
wildfires in the future.  
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CHAPTER 2: CLIMATIC AND LAND-COVER INFLUENCES ON THE 
SPATIOTEMPORAL DYNAMICS OF HOLOCENE BOREAL FIRE REGIMES
1
 
ABSTRACT 
 Although recent climatic warming has markedly increased fire activity in many biomes, 
this trend is spatially heterogeneous. Understanding the patterns and controls of this 
heterogeneity is important for anticipating future fire-regime shifts at regional scales and for 
developing land-management policies. To assess climatic and land-cover controls on boreal-
forest fire regimes, we conducted macroscopic-charcoal analysis of sediment cores and GIS 
analysis of landscape variation in south-central Alaska. Results reveal that fire occurrence was 
highly variable both spatially and temporally over the past seven millennia. At two of four sites, 
the lack of distinct charcoal peaks throughout much of this period suggests the absence of large 
local fires, attributed to abundant water bodies in the surrounding landscape that have likely 
functioned as firebreaks to limit fire spread. In contrast, distinct charcoal peaks suggest 
numerous local fires at the other two sites where water bodies are less abundant. In periods of the 
records where robust charcoal peaks allow identification of local fire events over the past 7000 
years, fire return intervals varied widely with a range of 138-453 years. Furthermore, the 
temporal trajectories of local-fire frequency differed greatly among sites and were statistically 
independent. Inferred biomass burning and mean summer temperature in the region were not 
significantly correlated prior to 3000 years ago, but became positively related subsequently with 
varying correlation strengths (r = 0.40-0.66; p = 0.001-0.040 for 2000-yr moving windows). 
Climatic variability associated with the Medieval Climate Anomaly and the Little Ice Age, along 
                                                          
1
 This chapter appeared in its entirety in Barrett C. M., R. F. Kelly, P. E. Higuera, and F. S. Hu. 2013. Climatic and 
land-cover influences on the spatiotemporal dynamics of Holocene boreal fire regimes. Ecology 94:389-402. This 
chapter is reprinted with permission from the publisher. 
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with the expansion of flammable Picea mariana forests, probably have heightened the sensitivity 
of forest burning to summer-temperature variations over the past three millennia. These results 
elucidate the patterns and controls of boreal fire-regime dynamics over a broad range of 
spatiotemporal scales, and imply that anthropogenic climatic warming and associated land-cover 
changes, in particular lake drying, will interact to affect boreal-forest burning over the coming 
decades. 
INTRODUCTION 
In the boreal forests of North America, area burned has more than doubled since the 
1960s (Kasischke and Turetsky 2006), and this increase is attributed primarily to anthropogenic 
climatic warming (IPCC 2007). Model simulations suggest that future warming will continue to 
increase the frequency, severity, and extent of boreal-forest fires (Flannigan and Van Wagner 
1991; Starfield and Chapin 1996; Weber and Flannigan 1997; Flannigan et al. 2009; Balshi et al. 
2009; Wolken et al. 2011). Increased forest burning has major implications for climate-change 
feedbacks and resource management, such as ecosystem carbon storage (Kasischke et al. 1995; 
O'Neill et al. 2003), land-atmosphere energy fluxes (Randerson et al. 2002), and habitat 
availability for caribou -- a major subsistence resource for northern peoples (Rupp et al. 2006). 
However, fire-regime changes can be spatially heterogeneous because top-down (e.g. climate) 
and bottom-up (e.g. land cover) controls on burning operate at multiple spatiotemporal scales 
(Heyerdahl et al. 2001; Gavin et al. 2003a). Although summer temperature and precipitation play 
a key role in determining annual burned area in many forest biomes (Duffy et al. 2005; 
Westerling et al. 2006; Balshi et al. 2009), bottom-up controls, such as landscape configuration 
and topography also exert strong influences on fire ignition and spread by changing 
microclimate, fuel connectivity, vegetation composition, and biomass abundance (Turner and 
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Romme 1994; Miller and Urban 2000; McKenzie et al. 2011). Understanding how fire regimes 
vary across space and time is important for anticipating their responses to future climate change 
and for assessing socio-economic impacts at regional scales. 
The relative importance of climate and landscape features on forest burning may shift 
through time and across space. The paleoecological approach is key to elucidating these shifts 
(Heyerdahl et al. 2001; Gavin et al. 2003a), especially in biomes such as the boreal forests where 
fire return intervals are long relative to the length of observational fire records. Recent 
paleoecological studies have revealed major variations in fire frequency in response to climatic 
change at centennial-millennial timescales (Carcaillet et al. 2001; Lynch et al. 2002, 2004; 
Higuera et al. 2009). Several studies also highlight spatial variability of fire-regime change in 
relation to landscape features such as slope (Cyr et al. 2007), topography (Stambaugh and 
Guyette 2008), aspect (Clark 1990), and distance to and density of water bodies (Dansereau and 
Bergeron 1993; Larsen 1997; Hellberg et al. 2004). However, few paleoecological studies have 
been designed explicitly to evaluate the role of both climate and landscape features in the 
spatiotemporal dynamics of fire regimes. 
We investigated fire-regime changes over the past seven millennia in the Copper River 
Basin (CRB) of south-central Alaska. The CRB is well suited for exploring the relative 
importance of climate and land cover in determining fire regimes because of (1) the highly 
variable distribution of water bodies at the landscape scale and (2) the documented summer-
temperature and effective-moisture variations at centennial to millennial timescales (Lynch et al. 
2004; Clegg et al. 2010, 2011). We analyzed Holocene sediment cores from four lakes in the 
CRB for macroscopic charcoal to evaluate spatial and temporal variations in fire frequency and 
biomass burned. Spatial analysis of landform and land cover surrounding each lake was 
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performed to examine potential bottom-up controls of fire occurrence. We also compared the 
charcoal records with existing paleoclimate data from the region (Lynch et al. 2004; Clegg et al. 
2010, 2011) to evaluate the influence of potential top-down controls on biomass burning. In 
particular, summer temperature has been consistently identified as the dominant climatic control 
of arctic and boreal fire occurrence (Duffy et al. 2005; Balshi et al. 2009; Krawchuk et al. 2009b; 
Parisien and Moritz 2009; Hu et al. 2010; Wotton et al. 2010), and recent advances in summer-
temperature reconstruction (Clegg et al. 2010, 2011) allow for the first assessment of the 
sensitivity of boreal-forest burning in this region to temperature fluctuations over centuries to 
millennia. Overall, this research enhances our understanding of how anthropogenic warming and 
associated land-cover change may affect future boreal-forest burning. 
 
METHODS 
Study Area 
We conducted this study at four lakes in the CRB ecoregion (Fig. 2.1a; Gallant et al. 
1995), which is surrounded by the Alaska, Wrangell, Chugach, and Talkeetna mountain ranges. 
The regional climate is continental, characterized by mean annual temperature of –2.0 ºC, mean 
January temperature of –17.2 ºC, mean July temperature of 12.9 ºC, and mean total annual 
precipitation of 284 mm for the 1981-2010 period (Gulkana Airport, 62° 09′ 19.00″N, 145° 27′ 
49.37″W, WRCC 2011). Since 1950, mean annual temperature has increased by ~3°C (r = 0.40, 
p <0.001). This increase has occurred primarily in winter, with a statistically insignificant 
increase of ~0.4°C in mean summer temperature (r = 0.14, p = 0.30). The boreal forests of the 
CRB span an area of 19,000 km
2
, and are dominated by Picea mariana and Picea glauca. 
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Deciduous species such as Populus tremuloides, Betula papyrifera, and Alnus viridis are 
prominent constituents in disturbed areas.  
We chose the lakes in this study, Hudson (HUD), Super Cub (CUB), Minnesota Plateau 
(MP), and Crater (CR), using two criteria. First, their lack of or small inflow and outflow 
streams, relatively small surface areas, and relatively great depths (Table 2.1) should preserve 
charcoal signals of past fire events (Larsen and Macdonald 1993). Second, topographic maps and 
aerial surveys provided qualitative evidence that the landscapes surrounding CR and MP had a 
greater number of lakes than those surrounding HUD and CUB, which allowed us to evaluate the 
potential effects of lakes as fire breaks on forest burning. Although paleolimnological studies 
suggest that lake levels have remained relatively stable in Alaska since the middle Holocene (Hu 
et al. 1998; Abbott et al. 2000), recent studies revealed hydrological variations within the past 
7000 years (Lynch et al. 2004; Anderson et al. 2005; Tinner et al. 2008; Clegg et al. 2010). 
These variations may have affected the temporal trajectories of fire-regime change at each of our 
sites. However, the relative land-cover differences between the two pairs of sites in this study 
likely remained throughout the past 7000 years, and we therefore assume that land-cover effects 
on the spatial pattern of fire regimes also remained relatively constant across our sites.  
Anthropogenic effects on the fire regimes of our study area were likely minimal 
throughout the Holocene. The Ahtna Athabascan people have lived in the CRB for thousands of 
years (Pratt 1998) and set small fires to encourage new growth near settlements (Simeone 2006). 
However, no evidence exists that they significantly modified the natural fire regime (Gibson and 
Pinther 1976; Simeone 2006). 
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Lake Sediments 
 We obtained two sediment cores from the center of each lake using a modified 
Livingstone piston corer (Wright et al. 1984). The two cores were stratigraphically overlapping 
and were correlated on the basis of lithological patterns and magnetic-susceptibility 
measurements. An additional core with an intact sediment-water interface was taken from each 
lake using a polycarbonate tube fitted with a piston. We sliced the top 20-55 cm of these cores 
into 0.5-cm intervals in the field, and the remainder was correlated with the other cores and 
sliced at 0.25-0.5-cm intervals in the laboratory. Sediments from all four sites were mostly 
composed of gyttja with occasional clay and silt laminations.  
Chronological Control 
 We developed an age-depth model for the sediment sequence from each lake using a 
series of 
210
Pb and 
14
C ages. Bulk sediments were analyzed for 
210
Pb on an Ortec OctêtePlus 
alpha spectrometer following Eakins and Morrison (1978). A 
210
Pb chronology of the past 100 
years was developed using a constant rate of supply model with old-age correction adapted from 
Binford (1990). For 
14
C dating, sediment samples were soaked in 9 mL of 5% sodium 
metaphosphate and sieved through a 180-μm mesh to search for terrestrial macrofossils, 
including spruce needles, charcoal, and other wood particles. Macrofossils were treated with an 
acid-base-acid procedure (Oswald et al. 2005) prior to accelerator-mass-spectrometry 
radiocarbon analysis. Radiocarbon ages (Table A.1) were converted to calibrated years before 
1950 (cal yr BP) using CALIB 6.1.1 (Stuiver and Reimer 2011) with the IntCal09 dataset 
(Reimer et al. 2009). Age-depth models were created with a weighted cubic smoothing spline 
derived from 1000 bootstrapped samples from the calibrated age distributions using the program 
MCAgeDepth 0.1 in MATLAB (Fig. 2.2; Higuera et al. 2009).  
14 
 
Charcoal Analysis and Fire Reconstruction 
Contiguous samples (0.25-0.50 cm intervals; 3 cm
3
 each) were obtained from each 
sediment core for charcoal analysis. To increase the visibility of charcoal particles, we treated the 
samples with 9 mL of 5% bleach (CUB and CR) or 10% KOH (MP and HUD) and then sieved 
them through 180-μm mesh. Macroscopic charcoal pieces were identified and counted with a 
Nikon SMZ645 microscope at 40X magnification. Charcoal accumulation rates (CHAR; number 
of pieces·cm
-2
·year
-1
) were determined by multiplying concentrations (number of pieces·cm
-3
) by 
sedimentation rates (cm·year
-1
) estimated from our age-depth models.  
To identify fire events, we performed peak analysis on each charcoal record using 
CharAnalysis v1.1 (Higuera et al. 2009, http://sites.google.com/site/charanalysis/). Each record 
was interpolated to a temporal resolution of 15 years·sample
-1
, approximately the median 
sampling resolution of the four records (Table 2.1). Sediment charcoal records contain 
“background” charcoal deposited by biomass burning within the region, as well as by sediment 
mixing and secondary charcoal transport (Clark et al. 1996). We estimated background charcoal 
with a 1000-year moving median applied to the raw charcoal series. This background was 
subtracted from the interpolated record to obtain a residual CHAR series, which itself is 
composed of two populations: one with a mean near zero, interpreted to reflect random 
variability (noise), and the other with a mean much greater than zero, interpreted as local (i.e. 
within ~1 km of the lake; Higuera et al. 2007) fire events (signal). The signal and noise 
distributions were estimated in a 1000-yr moving window using a Gaussian mixture model, and 
at the center of each window a threshold was defined as the 99
th
 percentile of the modeled noise 
distribution. Any residual CHAR value greater than the threshold was considered a “peak” and a 
potential local fire event.  
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We further screened each charcoal peak exceeding the local threshold using two criteria 
before accepting it as representative of a local fire event. First, to guard against over-interpreting 
small differences in charcoal-particle counts, we compared the maximum charcoal count 
associated with each peak to the minimum charcoal count of all “non-peak” samples from the 
previous 150 years. If the two counts were found to have > 10% probability of being drawn from 
the same Poisson distribution, the peak was deemed non-significant and excluded from further 
analysis (Higuera et al. 2010). Second, to assess the suitability of each record for peak 
detections, we calculated a signal-to-noise index (SNI) based on the statistical separation of 
signal and noise distributions (Kelly et al. 2011). We calculated SNI with a 1000-yr bandwidth to 
account for potentially long fire return intervals (FRIs) in the CRB, which were suggested by the 
historical fire data from the Alaska Fire Service and by previous paleo-fire studies (Lynch et al. 
2004; Tinner et al. 2006b). Portions of the record with SNI < 3.0, the theoretical cut-off 
described by Kelly et al. (2011), were considered unsuitable for peak detection and omitted from 
further peak analysis (Higuera et al. 2009). 
The charcoal records were used to infer several aspects of fire history. FRIs were 
calculated as the number of years between two consecutive fire events. When summarizing a 
sample of FRIs (e.g. within a particular record or time period), we fit them to a Weibull 
distribution (Johnson and Gutsell 1994) and estimated the 95% confidence interval for the mean 
of the distribution through parametric bootstrapping (Table A.2). Finally, to test whether inferred 
fires occurred synchronously between our records at various time scales, we used the L function, 
a modified version of Ripley’s K-function in the program K1D (Gavin et al. 2006, 
http://geography.uoregon.edu/envchange/pbl/software.html).  
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 Recent theoretical (Higuera et al. 2007) and empirical studies (Higuera et al. 2010) 
indicate that in contrast to the local nature of fires inferred from CHAR peaks, background 
CHAR reflects area burned or the amount of biomass burned at the regional scale (within 10-20 
km). To develop a regional estimate of biomass burning through time, we created a composite 
CHAR record from all four of our sites following the methods of Marlon et al. (2008). Briefly, 
we first normalized each CHAR record using a Box-Cox-transformation (with lambda selected 
by maximum likelihood), rescaled to the range [0, 1], and z-score-transformed to zero mean and 
standard deviation. A composite record was then created by applying a Lowess smooth to the 
standardized CHAR samples from all four lakes (Marlon et al. 2008). The composite thus 
includes periods of records with low SNI, which indicates a poor separation of signal and noise 
distributions used in the local peak analysis. However, our compositing method does not depend 
on any metric of charcoal peaks, and thus low SNI values should not influence the integrity of 
the CHAR record as an index of regional-scale biomass burning. 
 To elucidate the fire-temperature relationship through time, we created a composite July-
temperature curve smoothed to highlight millennial-scale changes (1000-yr moving windows) 
from midge-based temperature reconstructions at Hudson and Moose lakes in the CRB (Clegg et 
al. 2010, 2011). This temperature record was compared with our composite CHAR (also with a 
1000-yr smooth window) using Pearson’s correlation coefficient. To assess the climate-fire 
relationship at centennial timescales, we compared the higher-resolution Moose Lake 
temperature record and our CHAR composite record smoothed with a 200-yr window. For this 
analysis, only the Moose Lake temperature record was used because (1) this record has a higher 
resolution than that from Hudson Lake and (2) Moose Lake is substantially shallower (maximum 
depth: 4.5 m) and thus midge assemblages at this site should be more sensitive to small 
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temperature shifts than Hudson Lake (maximum depth: 14 m) (Clegg et al. 2010, 2011). We 
assessed statistical significance using nonparametric bootstraps, with block resampling (25 
samples per block) to account for autocorrelation (Gavin et al. 2011). 
 
 
Landscape Analysis 
 We conducted landscape analysis at spatial scales larger than those of local fires inferred 
from charcoal peaks (~1 km around a lake) in order to evaluate the potential importance of the 
surrounding landscape on fire spread and thus local fire occurrence. We characterized 
topography and land-cover types within a 5-km radius around each study site using ESRI’s 
ArcMap version 9.3 (http://www.esri.com/). Topographic indices (elevation, slope, and aspect) 
were calculated for each site using a 30-m resolution digital elevation model (Statewide Digital 
Mapping Initiative 2012). Land-cover classes in the 30-m resolution National Land Cover 
Database (Homer et al. 2004) were reclassified into two categories: open water and potential 
fuel, the latter of which pooled all non-water classes and contained no perennial snow/ice area 
near our lakes. For each of the four sites, the percentage of each land-cover class and the number 
of open water patches were calculated using the program FRAGSTATS (McGarigal et al. 2002), 
with a patch defined as a group of contiguous pixels of the same land-cover class using an eight-
neighbor rule. To assess water bodies as potential firebreaks, we calculated the mean and 
standard deviation of the nearest-neighbor distance of each potential fuel pixel to the nearest 
open-water pixel within a 5-km radius around each study site using Hawth's Analysis Tools for 
ArcGIS (Beyer 2004). This calculation took into consideration both the density and the spatial 
arrangement of lakes and rivers around each of our study sites. To help visualize landscape 
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variation at a larger scale that is more consistent with regional burning inferred from the 
background-charcoal composite record, we also performed a kernel analysis in ArcMap using a 
50-km bandwidth to determine the spatial density of water bodies on the landscape.  
 
 
RESULTS 
Chronological Control 
 We obtained a total of 42 
14
C ages and 70 
210
Pb ages for the chronological control of the 
charcoal records from the four sites (Fig. 2.2, Table A.1). The 
14
C ages of two wood samples, at 
88.0 cm from HUD and at 99.5 cm from CR, are ~7000 and 1000 years older, respectively, than 
predicted from adjacent ages. These wood fragments likely had resided in the watershed soils for 
long time periods before deposition in the lake sediments, a common problem for 
14
C dating of 
lake sediments from high-latitude regions (Oswald et al. 2005). We excluded these two samples 
and created age models using the remaining ages (Fig. 2.2). On the basis of these age models, the 
sedimentation rates at our four sites ranged from 0.01-0.41 cm·yr
-1
 with a median of 0.04 cm·yr
-
1
, and the individual charcoal samples thus spanned < 1 to ~ 40 yr·sample
-1
, with a median of 
~15 yr·sample
-1
 (Table 2.1). 
Signal to Noise Index 
 The SNI values of the charcoal records are high for CUB and HUD (entire record median 
= 5.1 and 4.8, respectively), with the exception of the period from 7000-5400 cal yr BP at HUD 
(median = 2.6, Fig. 2.3). These high values indicate that these two records are mostly suitable for 
fire-history reconstruction using peak analysis (Kelly et al. 2011). In contrast, much of the MP 
record lacks a distinct signal, with a median SNI of only 3.1 (Fig. 2.3). Although portions of the 
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record are above the SNI cut-off of 3.0, we exclude the MP record from peak analysis because of 
its overall low SNI. The CR record has a median SNI value of 4.1, with periods of high SNI 
(7000-4500 cal yr BP and 2400 cal yr BP – present; median SNI = 5.1 and 5.5, respectively) 
suitable for charcoal peak analysis and a long period of low SNI (e.g., 4500-2400 cal yr BP; 
median SNI = 2.6) unreliable for peak analysis (Fig. 2.3).  
Fire-History Reconstruction 
Consistent with the historic record of the past 68 years indicating that no fires occurred 
within 15 km of the study lakes (AICC 2011), no charcoal peaks were identified during this 
period at any of our study lakes (Fig. 2.3). The CUB charcoal record has the highest number of 
fires (n = 33) with a mean FRI of 199 years (95% CI = 157-251). The HUD record has 25 fires 
with a mean FRI of 206 years (95% CI = 154-264) from 5400 cal yr BP through present (Fig. 
2.3). At CR, fires occurred relatively frequently from 7000 to 4500 cal yr BP with a mean FRI of 
138 years (95% CI = 94-187) and infrequently from 2400 cal yr BP to present with a mean FRI 
of 453 years (95% CI = 332-572, Fig. 2.3). Although HUD has a larger surface area and likely a 
larger source area of charcoal, the mean FRI at HUD is statistically indistinct from those of CUB 
and the period of 7000-4500 cal yr BP at CR.  
Comparisons of these fire records using the bivariate L-function allow for a quantitative 
assessment of whether local fires occurred synchronously across sites (Gavin et al. 2006). For the 
periods with sufficiently high SNI values, fire occurrence was not statistically synchronous 
across any time scales among our sites (Fig. 2.4).  
The composite background-CHAR record from the four sites shows pronounced 
fluctuations (Fig. 2.5a). Background-CHAR values are near the mean of the entire record 
between 7000 and 5000 cal yr BP, reaching a peak around 4700 cal yr BP and displaying a 
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multi-millennial decreasing trend until 150 cal yr BP. Superimposed on these general patterns are 
centennial-scale fluctuations, including a broad peak centered around 950 cal yr BP, a trough 
between 600-150 cal yr BP, and peak values in most recent sediments. The 95% CI ranges of the 
record are particularly wide between 7000 and 5000 cal yr BP, and are generally greater prior to 
3000 cal yr BP than after. 
Landscape Analysis 
The spatial distribution and density of land-cover types surrounding the four sites are 
highly variable (Fig. 2.1). Within a 5-km radius, open-water patches are more abundant at MP 
and CR (n = 268 and 103, respectively) than at CUB and HUD (n = 15 and 22, respectively). The 
percentage of open-water area is highest at MP (20.0%), followed by CR (5.9%), CUB (5.5%), 
and HUD (3.6%; Fig. 2.1c). Kernel analysis using a 50-km window reveals that lake density is 
higher around MP and CR (5.4-7.2%) than around CUB and HUD (0.9-2.7%; Fig. 2.1b). The 
mean distance [standard deviation] to firebreaks (i.e., water bodies) within a 5-km radius is 
shortest for MP (130 [90] m), followed by CR (380 [260] m), CUB (830 [660] m), and HUD 
(1250 [890] m).  
Dominant vegetation within a 5-km radius of each site is evergreen forest (58-88%, Table 
2.1). No significant differences in slope and aspect exist among the four sites. However, 
elevations are higher at MP and CR (with mean [standard deviation] of 820 [9.6] and 836 [58] m 
a.s.l., respectively) than at CUB or HUD (492 [28] and 661 [81] m a.s.l., respectively). These 
elevational differences do not result in a consistent offset of climatic conditions between these 
two pairs of sites. On the basis of the PRISM downscaling of weather-station data from 1971-
2000 (Daly et al. 1994; PRISM 2004), CUB is significantly warmer than the other three sites and 
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drier than MP and CR (Fig. 2.6). However, summer temperature does not differ between HUD 
and MP or CR, and the amount of precipitation is similar between CR and HUD. 
 
DISCUSSION 
Northern high latitudes are highly sensitive to anthropogenic and natural climatic 
forcings, and the magnitude of climate change over the next century is anticipated to be among 
the greatest in these regions (ACIA 2005). Recent climatic warming has resulted in pronounced 
changes in land-surface processes, including permafrost melting, lake and wetland drying, and 
increased burning of boreal forests and tundra (Chapin et al. 2005; Klein et al. 2005; Kasischke 
and Turetsky 2006; Hu et al. 2010). Our fire-history records help elucidate boreal fire-regime 
dynamics over a broad range of spatiotemporal scales, with implications for how anthropogenic 
changes in climate and land cover may affect future boreal-forest burning. 
Spatial Heterogeneity of Fire History and the Role of Land Cover 
 Spatial and temporal variability of fire regimes in the CRB over the past 7000 years 
reflect both land-cover and climatic controls. Numerous local fires occurred around HUD and 
CUB over this period, as indicated by distinct charcoal peaks and high SNI values. In contrast, 
low SNI values (< 3.0) throughout much of the MP record and a large portion of the CR record 
suggest the absence of large fires around these lakes. Although sediment mixing could have also 
caused the low SNI values at MP and CR by obscuring charcoal peaks typically produced by 
large local fires (Larsen and MacDonald 1993; Kelly et al. 2011), this explanation is inconsistent 
with distinct peaks in the magnetic-susceptibility and bulk-density profiles of these cores (data 
not shown). A more plausible interpretation is that a high density of firebreaks in the landscape 
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around MP and CR, as inferred from the shorter mean distances to water bodies, impeded fire 
spread and decreased the probability of local-fire occurrence.  
 Superimposed on the overall contrasting pattern between our two pairs of sites are 
striking exceptions suggesting that other factors have also contributed to the spatial and temporal 
heterogeneity of fire regimes within our study region. For example, fires were relatively frequent 
around CR prior to 4500 cal yr BP even though this site has a short mean distance to firebreaks 
today, and conversely, no local fires occurred around HUD prior to 5400 cal yr BP despite its 
great mean distance to firebreaks at present. The spatial and temporal complexity of fire 
occurrence is further illustrated by comparing our fire records using the bivariate L-function 
(Gavin et al. 2006). Fire occurrence at HUD and CUB was statistically independent over the past 
5400 years regardless of the time windows of comparison, and likewise fire occurrence was 
independent at all time scales among CUB, CR, and HUD (for overlapping periods with SNI > 
3.0; Fig. 2.4). We cannot pinpoint the specific factors leading to these spatial variations of fire 
history among our records. However, because of the close proximity of our sites, it is unlikely 
that the independent trajectories and the lack of synchrony in fire occurrence resulted from 
varying climate conditions among the sites (Fig. 2.6). Instead these variations suggest that fire 
occurrence was influenced by site-specific and/or stochastic factors related to variability in 
landforms, ignitions, and/or fire spread.  
Recent observations and paleo-reconstructions provide compelling evidence that climatic 
warming increases fire occurrence across a wide range of biomes at regional to continental scales 
(Duffy et al. 2005; Power et al. 2008; Marlon et al. 2009, 2012). Our results from the CRB 
demonstrate that landscape factors also play a key role in fire-regime dynamics at local to 
regional scales. Consistent with these results, a number of previous studies have emphasized the 
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importance of local factors in the spatial pattern of fire regimes and their variations at decadal to 
millennial timescales (Grimm 1984; Dansereau and Bergeron 1993; Heyerdahl et al. 2001; Gavin 
et al. 2006; Ali et al. 2009). For example, sediment-charcoal records from the boreal forests of 
eastern Canada suggested that differences in watershed features and landscape connectivity 
resulted in asynchronous fire events and different fire frequencies among sites within the same 
region (Ali et al. 2009). In the temperate rainforests of Vancouver Island, Canada, soil-charcoal 
and tree-ring analyses revealed that time-since-fire was significantly shorter on hillslopes, 
terraces, and south-facing slopes than on north-facing slopes (Gavin et al. 2003b). Similarly, 
tree-ring analysis showed that in the Blue Mountains of Oregon and Washington, USA, 
variations in topographical features modified the effects of regional climate on fire frequency 
over the past ~400 years (Heyerdahl et al. 2001). Together with these previous studies, our data 
from the CRB underscore the importance of considering landscape factors in projecting the 
impacts of climatic change on fire regimes, especially at local to regional scales relevant to 
resource planning and land-management policies. 
Climatic Control of Boreal Fire Regimes at Centennial-Millennial Timescales 
The spatial complexity of local fire occurrence, as discussed above, does not preclude 
climate as a key control of fire regimes. Fire occurrence at the local scale has an inherent 
stochastic component, and the associated variability must be taken into consideration before 
invoking climatic explanations for fire-regime shifts through time (Gavin et al. 2006; Hu et al. 
2006). In contrast to the local nature of fires inferred from charcoal peaks, background CHAR 
reflects area burned or the amount of burned biomass at the regional scale, which should reflect 
climatic conditions better than local-fire occurrence (Whitlock and Anderson 2003; Marlon et al. 
2009; Higuera et al. 2010). At millennial timescales, our composite CHAR record is moderately 
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correlated (r = 0.44, p = 0.08; Fig. 2.5) with a composite July-temperature record from the same 
region based on midge analysis at Moose and Hudson lakes (Clegg et al. 2010, 2011). Both 
records show overall decreasing values from 4500 to 500 cal yr BP, suggesting that neoglacial 
climatic cooling (Kaufman et al. 2009; Clegg et al. 2010) reduced boreal-forest burning at the 
regional scale. Summer temperatures were likely linked to burning through modifying fuel 
moisture, and possibly through correlations with storm tracks and associated lightning-caused 
ignitions (Price and Rind 1994; Krawchuk et al. 2009a). 
Our composite-CHAR record also suggests pronounced fluctuations in the amount of 
forest burning at centennial timescales. These fluctuations include peak CHAR values centered 
at ~950 cal yr BP, which correspond to the Medieval Climate Anomaly (MCA) when the region 
was probably as warm as at present, and low CHAR values at ca. 600-150 cal yr BP, which 
correspond to the Little Ice Age (LIA) when the region was ~1.5°C colder and drier than today 
(Hu et al. 2001; Tinner et al. 2008; Kaufman et al. 2009; Fig. 2.5b). However, the relationship 
between inferred biomass burning and summer temperature was non-stationary over the past 
7000 years. Correlation analysis using a 2000-year moving window reveals that the composite-
CHAR and summer temperature are not significantly related before ca. 3000 cal yr BP, but that 
these metrics are positively related between 3000 cal yr BP and present (mean r = 0.55, and p-
value = 0.02) with varying correlation strengths (r values = 0.40-0.66; p values = 0.001-0.040; 
Fig. 2.5c). These patterns remain the same when the entire temperature record is re-sampled to 
match the lower resolution prior to 3000 cal yr BP or shifted temporally to account for potential 
chronological errors (data not shown). Thus the lack of correlation prior to 3000 cal yr BP is not 
a result of the lower resolution (and thus lower statistical power) or greater chronological 
uncertainties in the temperature reconstruction during that interval (Clegg et al. 2010).  
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Previous studies in other regions have also documented temporal variation in fire-climate 
linkages (Millspaugh et al. 2004; Gavin et al. 2006). Gavin et al. (2006) suggested that climatic 
fluctuations related to the MCA and LIA led to the dominance of climatic controls of fire 
occurrence over local and stochastic factors at two sites in southeastern British Columbia, 
Canada. A number of paleoclimate studies have documented pronounced climatic variations 
associated with the MCA and LIA across Alaska (Hu et al. 2001; Wiles et al. 2008; Clegg et al. 
2010, 2011; Clegg and Hu 2010). These variations may have diminished the local and stochastic 
effects on forest burning at our sites, as evidenced by the reduced variability between records in 
our composite CHAR record (Fig. 2.5a), and therefore strengthened climate-fire relationship 
over the past three millennia. Furthermore, a detailed pollen record from Grizzly Lake in the 
CRB shows that Picea mariana became consistently more abundant than P. glauca around 3000 
cal yr BP (Tinner et al. 2006a), probably as a result of increased effective moisture (Fig. 2.5d; 
Lynch et al. 2004). Two additional pollen records with coarser temporal resolutions from the 
same region also suggest that the abundance of P. mariana increased relative to P. glauca 
between 3000 and 2000 cal yr BP (Lynch et al. 2004). Because P. mariana forests are highly 
flammable (Yarie 1981), this change may have heightened the sensitivity of forest burning to 
summer-temperature fluctuations in the region. Thus regional fire regimes appear to have 
become less fuel-limited and more climate-limited (Flannigan et al. 2009) during the late 
Holocene, leading to an increase in the relative importance of top-down climatic control on 
forest burning. 
In addition to the influence on fuel moisture, long-term temperature fluctuations can exert 
major controls on boreal-forest burning by changing land-cover types and, in turn, fuel 
connectivity. This potential is well illustrated by the fire-history contrast between our two pairs 
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of sites. Although our four study lakes are relatively deep with sediments indicating that they 
have never dried up over the past 7000 years, shallow lakes in the surrounding landscapes would 
have been more susceptible to climate-induced hydrological shifts. Changes in the amount of 
precipitation may have also accompanied temperature fluctuations to alter moisture balance and 
land cover. For example, decreased effective moisture could result in a greater abundance of 
dead, dry fuels that would in turn increase fire activity (Tinner et al. 2008). Elucidating linkages 
of forest burning to centennial-scale changes in moisture balance and land cover is difficult 
because of the lack of paleohydrological records with high temporal resolution from the region. 
However, at millennial timescales, the warmer/drier conditions prior to 3000 cal yr BP (Lynch et 
al. 2004; Clegg et al. 2010, 2011) did not result in more frequent local fires across all of our 
individual sites or more biomass burning across the study region. The greater abundance of P. 
glauca than P. mariana in the regional vegetation of that period (Tinner et al. 2006b) may have 
limited fire spread due to a lack of flammable fuel or fuel continuity.  
Given that the magnitude of climatic fluctuations was relatively small over the late 
Holocene in our study region (~1.5°C; Hu et al. 2001; Clegg et al. 2010), the correspondence of 
biomass burning with midge-based temperature estimates during this period implies that at the 
regional scale, forest burning is sensitive to small variations in mean summer temperature. This 
inference is consistent with observational records of fire and climate in Arcto-boreal systems, 
indicating that summer temperature is the dominant driver of inter-annual variability in area 
burned (Duffy et al. 2005; Balshi et al. 2009; Krawchuk et al. 2009a, 2009b; Hu et al. 2010). For 
example, Duffy et al. (2005) found that June temperature alone accounted for one third of the 
inter-annual variation in area burned in the Alaskan boreal forests from 1950-2003. At 
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continental and global scales, paleo-fire records also suggest temperature as a key predictor of 
biomass burning over centuries to millennia (Marlon et al. 2008, 2012).  
Implications for Ongoing and Future Fire-Regime Shifts in Boreal Forests 
Our results display complex spatial and temporal variability in fire regimes over the past 
seven millennia. These results highlight that climate change will interact with land-cover patterns 
to affect the dynamics of future boreal fire regimes. Given that the magnitude of projected 
summer-temperature increases over the next 100 years is significantly greater than those of the 
late Holocene in northern high latitudes (ACIA 2005), the significant links between temperature 
and fire over the past 3000 years in our study region imply the potential of marked increases in 
boreal-forest burning in the coming century, with profound impacts on a number of biophysical 
and biogeochemical processes that will feedback to climate change (Flannigan et al. 2009). An 
important factor that has not yet been well recognized is that climate change can also exert 
important but indirect controls on boreal fire regimes by changing land cover and fuel abundance 
and connectivity (Higuera et al. 2009; Berg et al. 2009). Specifically, over the past several 
decades, ponds and wetlands have decreased in size and number in many northern high-latitude 
regions, including Alaska (Klein et al. 2005; Riordan et al. 2006). Areas that previously 
represented non-fuel land cover have been invaded by upland vegetation (Klein et al. 2005). 
These land cover changes may accelerate with continuing climatic warming, leading to increases 
in fuel connectivity and boreal-forest burning. Thus anthropogenic climatic warming and 
associated land-cover changes may have compounding effects on the boreal-forest fire regime, 
with far-reaching implications for wildfire management and key ecosystem processes, such as 
soil carbon storage.  
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However, our results also highlight that boreal-forest burning and climate warming do 
not have a straightforward relationship. These results are consistent with previous 
paleoecological studies demonstrating the important roles of species composition and stochastic 
factors (e.g., lightning, seasonal-moisture variability) in long-term shifts of forest fire regimes 
(Lynch et al. 2004; Tinner et al. 2008; Higuera et al. 2009). Furthermore, recent model 
simulations of boreal fire-regime changes over the coming decades suggest possible negative 
feedback to increased fire occurrence resulting from the abundance of deciduous species under 
scenarios of frequent and high-severity burns (Johnstone et al. 2011). Reliable projections of 
future fire activity at regional scales are key to understanding the environmental consequences of 
burning and developing management policies. Such projections require the integration of the 
paleoecological perspective and a modeling framework (Brubaker et al. 2009), with the former 
providing insights into fire-regime shifts at timescales beyond human observation, and the latter 
elucidating the direct and indirect impacts of climatic change on forest burning and the role of 
various feedback processes. 
  
29 
 
FIGURES AND TABLES 
 
Table 2.1. Characteristics of study lakes, surrounding landscapes, and charcoal records. Land 
cover classes are only reported if there is > 5% cover within 5-km of the study sites. 
 
        Study Site   
  Characteristics Hudson Super Cub 
Minnesota 
Plateau 
Crater 
 Latitude (N)   61°53' 51.76"  62°17' 47.80"  62°32' 30.46"  62° 6' 6.17" 
 Longitude (W)  145°40' 14.60" 145°20' 49.82" 146°14' 18.35" 146°22' 54.57" 
 Lake surface (ha)  270 3 5 1 
 Water depth (m)  14 4.7 6.4 4.2 
Landscape within 5-km        
  Mean distance to fire break (± SD) 1253 (± 887) 832 (± 655) 132 (± 88) 384 (± 257) 
  Open water cover (# of patches) 22 15 286 103 
  Open water cover (%) 3.6 5.5 20.7 5.8 
  Evergreen forest cover (%) 88.2 57.7 61.2 70.7 
  Deciduous forest cover (%) 1.9 17.4 0.1 0.7 
  Woody wetland cover (%) 3.3 7.9 2.2 6.1 
  Shrub-scrub cover (%) 2.4 1.5 15.8 15.2 
  Mixed forest cover (%) 0.6 7.3 0 0.1 
  Elevation (m a.s.l ± SD) 681 (± 98) 478 (± 41) 808 (± 13) 797 (± 71) 
  Slope (degrees ± SD) 5.8 (± 5.9) 5.1 (± 4.6) 6.4 (± 4.4) 7.7 (±5.5) 
  Aspect (degrees ± SD) 134 (± 117) 179 (± 107) 174 (± 110) 183 (± 101) 
Sediment Records        
  Core length (cm) 512 156 362 145 
  
Resolution of charcoal analysis 
(yr·sample
-1
, mean ± stdev) 
10 ± 5 13 ± 5 16 ± 3 16 ± 7 
  
Sedimentation rate  
(cm·yr-1; mean ± stdev) 
0.071 ± 0.10 0.030 ± 0.026 0.039 ± 0.082 0.034 ± 0.028 
  Median signal-to-noise index 4.8 5.1 3.1 4.1 
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Figure 2.1. Study region. a) The four study sites (white dots) in the Copper River Basin, Alaska: 
Hudson (HUD), Super Cub (CUB), Minnesota Plateau (MP), and Crater (CR); inset: map of 
Alaska highlighting the location of the CRB; black polygons are the fires in Alaska since 1942. 
b) Smoothed lake density within a 50 km window, with darker shades indicating higher density. 
c) Area around each of the study sites (black dots) showing the abundance of open water (grey). 
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Figure 2.2. Age-depth models for sediment cores from the four CRB sites calculated using a 
cubic spline. Black dots are 
14
C or 
210
Pb ages, and error bars represent estimated 95% confidence 
intervals based on 1000 bootstrap samples of the calibrated dates. 
 
  
32 
 
 
Figure 2.3. Sediment-charcoal records. Upper graph in each panel: vertical lines are the 
interpolated charcoal accumulation rates; the thick grey curve represents background charcoal, 
thin grey curve indicates the threshold used to identify potential fires, and + symbols denote fire 
events; Translucent grey sections indicate portions of the records with signal-to-noise index 
(SNI) values <3.0 when smoothed to 1000 years. Lower graph in each panel: solid curve shows 
SNI, and dotted line indicates the 3.0 cut-off for robust peak detection, following Kelly et al. 
(2011). 
 
  
33 
 
 
Figure 2.4. Fire-occurrence synchrony analysis. a) CUB versus HUD fire records from 5400 cal 
yr BP to present. b) fire records from CR, HUD, and CUB from 2400 cal yr BP to present, and c) 
CR versus CUB fire records from 6750 to 4500 cal yr BP (black lines). Grey lines represent 95% 
confidence envelope based on 1000 randomizations. See Gavin et al. (2006) and 
http://geography.uoregon.edu/envchange/pbl/software.html for explanations of the method. 
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Figure 2.5. Relationship between standardized CHAR and climatic variables. a) Z-scores of 
transformed charcoal accumulation (CHAR) from the four study lakes. Data were smoothed 
using a 200-yr moving window, and grey lines indicate 95% confidence interval. b) Comparison 
of CHAR (black) with midge-inferred July temperature (grey) from Moose Lake in the CRB 
(Clegg et al. 2010) smoothed with 200-year window; grey dots represent raw data, and grey line 
represents smoothed data. c) Correlation between the CHAR and July-temperature curves from 
panel b; darker line indicates the portions of the core contributing to a significant correlation (p ≤ 
0.05); the correlation analysis was done with a 2000-yr moving window. d) Qualitative moisture 
inferences at Moose and Chokasna lakes in the CRB (Lynch et al. 2004).   
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Figure 2.6. Modern climatology around each study lake. Temperature (a, b) and precipitation (c, 
d) within a 10-km radius around each study site using the 2-km PRISM dataset summarizing 
weather station data from 1971-2000. In panels c and d, “summer” is defined as the mean of 
June, July, and August values. Error bars represent the standard deviation. 
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CHAPTER 3: BOREAL FOREST FIRE RESPONSE TO TEMPERATURE AND 
LANDCOVER: A 2000-YEAR PERSPECTIVE FROM ALASKAN LAKE SEDIMENTS 
 
ABSTRACT 
 Boreal forest fires are predicted to increase in frequency and size as northern high latitude 
temperatures increase as a result of anthropogenic climate change. Because, wildfire is the 
keystone disturbance in North American boreal forests, changes in the fire-regime can have 
disproportionately large influences on boreal forest ecosystems. Here, we use 24 lake-sediment 
charcoal records from south-central Alaska to elucidate the relationship between fire history and 
temperature over the past two millennia and to better understand the potential for future fire 
regime shifts. Biomass burning is highest over the past century and from ~800-1400 AD and is 
low centered around 300 AD and 1700 AD. Over this period, biomass burned and fire frequency 
are not correlated, suggesting that fire size and fuel type change through time. In our regional 
composite charcoal accumulation rate (CHAR) is correlated with summer-temperature records of 
the Northern Hemisphere (r = 0.68, p < 0.01) and the study region (r = 0.52, p < 0.01) since 500 
AD. Charcoal accumulation rate, a proxy of biomass burned, are highest during the warmest 
periods, which drives the positive relationship between temperature and biomass burned (F 
(3,69) = 2.91, p =0.04). Climatic effects on biomass burned are influenced by land cover types. 
In particular, the amount of open water within 5 km of each study site correlates with mean 
CHAR during the coolest quartiles (r = -0.21, p = 0.02) of the record but not during the warmest 
quartiles (r = -0.05, p = 0.30). This pattern implies that open water are less effective fire breaks 
when temperature is more conducive to fire. Therefore, fires are driven by complex controls that 
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are interactive and dynamic. As future warming occurs, we would expect increases in biomass 
burned and increases in fire spread as a result of the diminished role of fire breaks. 
INTRODUCTION 
 Over the past 60 years, temperature increases have more than doubled area burned in the 
boreal forests of North America (e.g. Gillett et al. 2004, Kasischke and Turetsky 2006), and area 
burned is expected to increase if the trend of temperature increase continues in the future (Balshi 
et al. 2009). Fire is a keystone disturbance in the boreal forest, and changes in the fire regime 
have a wide-range of consequences such as shifts in vegetation distribution and composition 
(Lloyd et al. 2005, Johnstone et al. 2011) and carbon storage (Kasischke et al. 1995, O'Neill et al. 
2003). Elucidating the controls that govern forest fires is necessary to better predict and prepare 
for perturbations to the boreal forest system. The climate is predicted to quickly shift outside of 
the range of observed variability. Thus, to best identify forest fire controls under changing 
conditions requires fire history reconstructions during previous periods of climate change. 
 The fire regimes of boreal forests are controlled by complex interacting controls that 
influence burning on local to regional scales. Climate drives forest fires at large regional scales, 
with decreased fuel moisture leading to increased fire frequency and spread (Flannigan and 
Harrington 1988). During drought conditions, fuel drying can occur directly, but during warm 
conditions, fuel drying can occur because the warmer air has an increased capacity to hold 
moisture (Johnson and Wowchuk 1993). Additionally, rising temperature can increase fire 
occurrence because warmer conditions are linked to shifts in storm track movements and an 
increase in lightning (Price and Rind 1994, Krawchuk et al. 2009a). Wildfires are also driven by 
local-scale controls such as topography (Stambaugh and Guyette 2008), slope (Cyr et al. 2007), 
vegetation composition (Tinner et al. 2006), and the spatial arrangement of fuels (Miller and 
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Urban 2000). Many studies suggest that, on local scales, open water bodies exert a strong control 
on repelling fires such that fewer fires occur as mean distance to water bodies decreases (e.g. 
Larsen 1997, Hellberg et al. 2004, Senici et al. 2010, Barrett et al. 2013). This is caused by 
increased vegetation heterogeneity that results from landscape fragmentation, increased fuel 
moisture that results from increased humidity around water bodies, and the water bodies 
themselves acting as firebreaks (Senici et al. 2010). 
  Most studies on wildfire controls focus on decadal time scales (e.g. Kasischke and 
Turetsky 2006, Duffy et al. 2005), but forest fires are driven by complex controls that operate 
over longer centennial to millennial time scales (Lynch et al. 2004, Gavin et al. 2006). Forest 
fires can also be highly heterogeneous even within small regions, such that low sample sizes 
make it difficult to disentangle local-scale variability from regional trends. To address these 
issues, we use 24 south-central Alaskan lake-sediment charcoal records to reconstruct regional 
fire history over the past 2000 years. Over this period there have been several well defined 
climate anomalies such as the warm Medieval Climate Anomaly (950 AD to 1250 AD) and the 
cool Little Ice Age (1400 AD to 1700 AD, Mann et al. 2009), which we can use to better 
understand how forest fire regimes are affected by climate change. We also use our unique 
dataset to better determine how temperature can influence the relative importance of more local-
scale fire regime controls. Ultimately, this research is particularly well-suited to improve our 
understanding of the relationship between boreal forest fires, temperature, and their interaction 
with land-cover.  
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MATERIALS AND METHODS 
Study Sites 
 We obtained lake-sediment cores from 24 lakes in the Copper River Basin (CRB) 
ecoregion in south-central Alaska (Gallant et al. 1995, Table 3.1). Lakes were chosen for their 
relative depth compared to surface area and for their lack or small size of inlets and outlets, 
which best preserve charcoal records of fire history (Larsen and MacDonald 1993). Over the past 
60 years the CRB has had small infrequent fires compared with the large frequent fires observed 
in Interior Alaska (Fig. 3.1). Since 1950 the CRB has had an average annual temperature of -
2.0°C (±1.4°C) and 284 mm (±64 mm) of annual precipitation as measured at Gulkana airport 
(WRCC 2013). Although temperature in CRB increased ~3°C (r = 0.40, p < 0.001) over this 
period, this increase has occurred primarily in winter (mean summer temperature (r = 0.14, p = 
0.30; (WRCC 2013). The region is in the boreal forest and is dominated by Picea mariana and 
Picea glauca in undisturbed areas.  
Laboratory Analysis 
 Lake-sediment cores were obtained during the summers of 2006-2008 using a 1.5-m 
polycarbonate tube fitted with a piston to preserve the sediment-water interface. Cores were 
sectioned at 0.25 or 0.5 cm intervals in the field or in the laboratory at the University of Illinois. 
Sediment subsamples (3 cm3 each) from each depth were sieved through 180 µm mesh and 
treated with potassium hydroxide or bleach and sodium metaphosphate to help make the charcoal 
pieces visible and identify terrestrial macrofossils for radiocarbon dating. Macroscopic charcoal 
was identified and counted using a Nikon SMZ645 dissection microscope at 40x magnification. 
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 Age-depth models were based on 210Pb ages of bulk sediments and 14C ages of terrestrial 
macrofossils. Bulk sediments were analyzed for 210Pb on an Ortec OctêtePlus alpha spectrometer 
following (Eakins and Morrison 1978), and the chronology of the last 100 years was developed 
using a constant rate of supply model with old-age correction adapted from Binford (1990). 
Radiocarbon ages were calibrated using CALIB 6.1.1 (Stuiver and Reimer 2011) with the 
IntCal09 dataset (Reimer et al. 2009, Table B.1). Age-depth models were created using the 
MCAgeDepth 0.1 program for Mathwork’s MATLAB (Higuera et al. 2009). Most of the records 
span at least 2000 years; however, several have younger basal ages (Fig. 3.2e, Table B.1). 
Fire Regime Reconstruction and Statistical Analysis 
 Charcoal records from lake sediments provide information on two important aspects of 
fire regimes: regional (10-20 km from the study site) area or biomass burned from the charcoal 
accumulation rate (CHAR, pieces·cm-2·yr-1) and local (~1 km around the study site) fire 
frequency (FF) from charcoal peaks (Whitlock and Anderson 2003, Higuera et al. 2007). 
Regional CHAR was calculated by log-transforming all of the non-zero CHAR values in each 
record, z-score standardizing each record, and taking the exponent of each value to return the 
data to the linear domain. We then performed a local likelihood estimation (a moving-window 
variant of maximum likelihood estimation; Tibshirani and Hastie 1987) to obtain the zero-
inflated lognormal (ZIL; a distribution defined such that a fraction of values are zero, and the rest 
fit a standard lognormal distribution; Aitchison 1955) parameters that best fit our data at evenly-
spaced target points spanning the past 2000 years. At each point, we assign a weight to all CHAR 
values in the combined, standardized dataset for the region using a Gaussian kernel with 50-yr 
standard deviation (which places 95% of the kernel weight within ~200 years centered on the 
target point). We define the local log-likelihood at a given target point as the kernel-weighted 
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sum of the log-likelihoods of all individual data points, and numerically maximize this likelihood 
to solve for the best-fit ZIL distribution at the target point (Kelly et al. in review). Finally, we 
define composite CHAR at any particular time as the median of the ZIL distribution fit for that 
target time. This method is similar to Marlon et al. (2008), but allows for charcoal counts of zero 
and fits the untransformed data.  
 To calculate the fire frequency, we conducted a charcoal peak analysis using 
CharAnalysis© v1.1 for MATLAB ((Higuera et al. 2009, 
<http://sites.google.com/site/charanalysis/>). Each of the 24 records was interpolated to 15 
years·sample-1, the approximate median resolution of the records, and background charcoal was 
estimated with a 500-year moving median applied to the raw charcoal series. This background 
was subtracted from the interpolated record to obtain a residual CHAR series, which is 
composed of two populations: one with a mean near zero, interpreted to reflect random 
variability (noise), and the other with a mean much greater than zero, interpreted as local fire 
events (signal). The signal and noise distributions were estimated using a Gaussian mixture 
model, and at the center of each window a threshold was defined as the 99th percentile of the 
modeled noise distribution. Residual CHAR values greater than the threshold were considered 
peaks and were potential local fire event. Each charcoal peak was then screened by two criteria 
before accepting it as representative of a local fire event. First, to guard against over-interpreting 
small differences in charcoal-particle counts, if any two peaks were found within 150 years of 
each other and the two counts were found to have > 10% probability of being drawn from the 
same Poisson distribution, the smaller peak was deemed non-significant and excluded from 
further analysis (Higuera et al. 2010). Second, to assess how robust the peak detection is through 
time, we calculated a signal-to-noise index (SNI) based on the statistical separation of signal and 
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noise distributions and consider any peak with an SNI < 3.0 to be unsuitable for peak analysis 
(Kelly et al. 2011). Regional composite fire frequency (fires·yr-1) was calculated using kernel 
density estimation. All the fire events from each region were pooled and a composite was created 
by smoothing the data in 10 year steps by weighting the points surrounding each time point using 
a Gaussian distribution with a 50-yr standard deviation. To determine the reliability of our 
estimated regional fire frequency, we randomly sampled our records with replacement over 1000 
Monte Carlo simulations and the used the composites at the 97.5% and 2.5% of the probability 
distribution to represent the 95% confidence interval. Finally, to compare the variability between 
the FF and CHAR records, we calculate the coefficient of variation (CV) for each. 
 Summer temperature reconstructions are available for the Northern Hemisphere (Moberg 
et al. 2005) and the Arctic (Kaufman et al. 2009) over the past 2000 years. Although these 
records encompass large spatial scales, which include south-central Alaska, we wanted to verify 
that these records were representative of the summer temperature in our study region. Thus, we 
created a summer temperature composite record of several existing temperature reconstructions 
following the methodology of Clegg et al. (2011) composed of the Moose Lake chironomid 
record (spanning 0- 1972 AD, Clegg et al. 2010), the Iceberg Lake varve thickness record (442- 
1998 AD, Loso et al. 2006), and tree-ring records from the Wrangle Mountain region (1593–
1992 AD, Davi et al. 2003). We use a Pearson’s linear correlation to compare the summer 
temperature reconstructions to our CHAR record.  
 To test if the fire regime was influenced by the regional temperature, a Northern 
Hemisphere summer temperature record (Moberg et al. 2005) was divided into quartiles 
(warmest, warm, cool, and coolest). Every value of CHAR and FF from the 24 records was 
assigned to a corresponding temperature quartile such that the age of each sample matched the 
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years represented in each temperature quartile. We then assessed the relationship between mean 
CHAR and FF from each site during each temperature quartile using a repeated measures 
ANOVA. A repeated measures ANOVA was selected because of the within-subjects design, 
where the mean CHAR and FF from each site was assessed during four different temperature 
conditions. Post-hoc Fisher’s least squares difference (LSD) testing was performed on all 
significant analyses to ascertain which quartile means were different. Next, we tested if 
temperature change over the past 2000 years influenced the efficacy of land cover controls, using 
the same warmest and coolest quartiles. This was accomplished by employing a spatial 
regression to compare the potentially autocorrelated log-transformed percent open water cover to 
CHAR in the warmest and coolest periods using OpenGeoDa (Anselin et al. 2006). In this 
analysis, we used a spatial error model with a rook contiguity spatial weights matrix. We based 
our model on open water land cover because this is a persistent land cover and spatial 
arrangement should not have substantially changed over 2000 years (Chapter 2), unlike 
vegetation communities, which vary in their spatial arrangement and abundance through time.  
RESULTS 
 Fire frequency is variable over the past 2000 years, with charcoal peaks centered at ~700, 
900, 1450, and 1850 AD and troughs centered at ~500, 800, 1200, 1650 AD, and at present (Fig. 
3.2a). There are a high number of fires from 1900-1950, but since 1950 a fire has only occurred 
once within 1 km of a study lake (Fig. 3.2b). CHAR is highest from ~800-1400 AD and 
especially during the past 200 years, and is lowest around 300 AD and 1700 AD (Fig. 3.2c). 
From 1900-1980 AD CHAR is above the 2000-year average in the CRB, but CHAR is low 
through the end of the record (Fig. 3.2d). CHAR is less variable than FF (CV = 0.18 and 0.32, 
respectively) and at times the metrics show opposite patterns. For example, one of the highest 
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periods of biomass burning occurred from ~900 AD to 1300 AD during which fire frequency 
ranges from its highest to lowest values (Fig. 3.2a, c).  
 Of the summer temperature composite reconstructions we consider in this study, all are 
warmest over the past century and from ~ 800-1400 AD, and are all coolest around 1700 AD. 
Our reconstruction of south-central Alaska temperature is positively correlated to the 
temperature of the Northern Hemisphere (r = 0.79, p < 0.01) and the Arctic (r = 0.62, p < 0.01, 
Fig. 3.3) over the past 1500 years (before 500 AD our Alaska temperature composite is based on 
only eight data points). In our study region, charcoal accumulation rate (CHAR) is correlated 
with summer temperature records of the Northern Hemisphere (r = 0.69, p < 0.01), Arctic (r = 
0.77, p < 0.01), and south-central Alaska (r = 0.52, p < 0.01) since 500 AD (Fig. 3.3); however, 
fire frequency has very little similarity with the summer temperature records. CHAR is fairly 
stable from 0-500 AD, which is similar to the trend in the Northern Hemisphere temperature 
reconstruction during that period. In contrast, the Arctic and south-central Alaskan temperature 
records imply that temperatures decreased from 0-500 AD.  
 We further test the effects of temperature for controlling fire history by dividing CHAR 
and FF from each site into quartiles based on the Northern Hemisphere summer temperature 
reconstruction (quartiles: warmest, warm, cool, and coolest). These analyses reveal a significant 
main effect of summer temperature on CHAR levels (F(3,69) = 2.91, p = 0.04, Fig. 3.4a). Post-
hoc analyses (Fischer LSD) indicates that CHAR levels are significantly higher during years that 
compose the warmest quartile of the temperature record as compared to the quartiles composed 
of the coolest years (p < 0.01), the cool years (p = 0.02), and the warm years (p = 0.08) (Fig. 
3.4b). Thus, the regional-scale control of temperature on CHAR is most evident during the 
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warmest temperatures. In contrast, FF is not affected by temperature (F(3,69) = 1.47, p = 0.23, 
Fig. 3.4b).  
  Finally, we test if the importance of land cover in controlling forest fires shifts with 
changes in temperature. Open water land cover within a 5-km radius around each study site is 
marginally spatially autocorrelated (Moran’s I = 0.16, p = 0.1), which was accounted for by 
performing a maximum likelihood estimation with a spatial error model (Fig. 3.5). CHAR is 
lower at sites with more open water during the coolest periods (r = -0.21, p =0.02, Fig. 3.5a), but 
such a pattern does not exist during the warmest periods (r = -0.05, p = 0.30, Fig. 3.5b).  
DISCUSSION 
 In this study, we reconstruct the fire frequency and the biomass burned in south-central 
Alaska over the past 2000 years to assess the dynamics and controls of the boreal forest fire 
regime. Trends in biomass burned, inferred from the charcoal accumulation rate, are similar to 
shifts in large-scale temperature reconstructions, suggesting large-scale climate drivers are 
responsible for controlling biomass burned. Additionally temperature appears to interact with 
local-scale forest fire controls through changing the efficacy of fire breaks. Together, these data 
enable us to elucidate the controls on boreal forest fire regimes. 
Trends in fire frequency and charcoal accumulation rate 
 Fire frequency and biomass burned (inferred from CHAR) are derived from the same 
sites, but do not have similar trends through time. Fire frequency is more variable than biomass 
burned (Fig. 3.2). This offset suggests that over the past 2000 years biomass burning in Alaska 
has been sensitive to large-scale regional controls such as temperature and moisture; whereas fire 
frequency might be under a stronger influence of local and stochastic factors that are specific to 
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the region or site such as the stochasticity of lightning strikes (Dissing and Verbyla 2003), 
changes in vegetation composition (e.g. Lynch et al. 2004), topographic complexity (e.g. 
Stambaugh and Guyette 2008), and/or microclimate (e.g. Gavin et al. 2006). A recent study has 
observed similar fire frequency variability and offsets with biomass burned in the Yukon Flats of 
Interior Alaska (Kelly et al. in review). This study suggests that the discrepancy between fire 
frequency and biomass burned arises from a difference in fire severity; with high fire frequency 
and low biomass burned indicating frequent, but less severe fires and low fire frequency and high 
biomass burned indicating infrequent, but severe fires (Kelly et al. in review). We observed that 
one of the highest periods of biomass burning in our region occurred from ~900 AD to 1300 AD, 
during which fire frequency ranged from its highest to lowest values. This implies that during 
this period there was a shift from frequent, less severe fires to infrequent, severe fires. Changes 
in fire severity is a plausible explanation for this discrepancy because of the highly variable 
shifts between long and short fire return intervals that would result in a variable amount of fuel 
to build-up between fires. However, this offset between fire frequency and biomass burned is not 
always observed, for example in the Western US, fire frequency and biomasses burned are well 
aligned (Johnstone et al. 2011, Marlon et al. 2012). Fire severity in the boreal forest feeds back 
on the vegetation community with most severe fires occurring in black spruce stands, yet these 
severe fires change the successional trajectory and lead to post-fire deciduous community 
regeneration (Johnstone et al. 2011, Bernhardt et al. 2011). The record of biomass burned in 
south-central Alaska is strikingly similar to the biomass burned reconstructions from Interior 
Alaska (Kelly et al. in review), the Western US (Marlon et al. 2012), and the Northern 
Hemisphere (Marlon et al. 2008) over the past 2000 to 1500 years. Biomass burned in south-
central Alaska also has cohesive trends with global biomass burned (Marlon et al. 2008, Power et 
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al. 2008), but has dissimilar trends with a Central American and Southern Hemisphere 
reconstruction (Marlon et al. 2008). Similar trends in boreal forest fires have been seen in the 
Canadian boreal forest between sites 1000 km apart, suggesting that large-scale climate must be 
controlling the fire regime (Carcaillet et al. 2002). These observations of similar biomass burned 
trends across the Northern Hemisphere also suggest a large-scale control must be driving the fire 
regime. 
Large-scale drivers account for similarity across large scales 
 The fire regime of south-central Alaska responds to small increases in summer 
temperature through increases in biomass burned. High mean summer temperatures are linked 
primarily to increases in forest burning through decreasing fuel moisture and through linkages 
with storm tracks and associated increases in lightning-caused ignitions globally and in the 
boreal forest (Price and Rind 1994, Krawchuk et al. 2009a). It has been speculated that increased 
temperatures can decrease effective moisture which leads to dry fuel build-up that results in 
increased fire activity (Tinner et al. 2008). Alternatively, during cooler periods the air has a 
decreased capacity to hold moisture that can lead to increased fuel moisture and decreased fire 
activity (Johnson and Wowchuk 1993). The biomass burned of the CRB is aligned with well-
defined climate anomalies, where we observe increased biomass burned during the warm 
Medieval Climate Anomaly (950 to 1250 AD) and decreased biomass burned during the cool 
Little Ice Age (1400 to 1700 AD (Mann et al. 2009). Furthermore, although mean temperature 
has only varied ~1°C during the past 2000 years, there is a strong correlation between Northern 
Hemisphere (Moberg et al. 2005), Arctic (Kaufman et al. 2009), and south-central Alaskan 
summer temperature reconstructions and biomass burned in our study region (Fig. 3.3). There are 
also similarities between biomass burned records from the CRB and YF (Kelly et al. in review) 
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ecoregions of Alaska to the Western US (Marlon et al. 2012) and the Northern Hemisphere 
(Marlon et al. 2009) over the past 1500 years. This implies that small shifts in large-scale 
temperature drive biomass burning from regional to hemispheric scales. 
 Over the past 1500 years the patterns in biomass burned in south-central Alaska have 
been primarily driven by temperature, but we find that in particular the warmest years are driving 
this trend (Fig. 3.4a). Biomass burning is correlated with temperature over the past 1500 years 
(Fig. 3.3); however, biomass burning is significantly higher during the warmest years and is not 
significantly lower during cooler years (Fig. 3.4a). This implies that in the boreal forest the 
warmest conditions can act to increase biomass burned and drive the correlations between 
temperature and biomass burning. In Interior Alaska as summer temperatures have been 
increasing, area burned has doubled over the past several decades (Kasischke and Turetsky 2006) 
and since 1940, four of the eleven largest fire years have occured since 2002 (Kasischke et al. 
2010). In Siberia, as summer temperatures have increased recently, so too have the incidence of 
large fire years (Soja et al. 2007) and since the end of the Little Ice Age fire frequency has 
doubled (Kharuk et al. 2012). Thus since the warmest temperatures have been strongly correlated 
with biomass burning over the past 1500 years; this trend is likely to continue as temperatures 
increase in the northern high latitudes. We also find that there has been no increase in summer 
temperature in south-central Alaska since 1950 and correspondingly there have been very few 
fires.  
 Although temperature and biomass burned are strongly correlated from 500 AD to 
present, this relationship is more tenuous from 0-500 AD. The Arctic and south-central Alaska 
temperature reconstructions suggest a decline in temperature from 0 AD to 500 AD; however, 
there is no corresponding decline in biomass burned (Fig. 3.3). This suggests that other drivers, 
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such as moisture, are relatively more important in the regulation of the forest fire regime from 0-
500 AD. Compared to the average from the past 2000 years, from 0-500 AD conditions are wet 
in the northwestern Alaska Range (Hu et al. 2001) and central Brooks Range (Anderson et al. 
2001) and moist to average in south-central Alaska (Lynch et al. 2004), south-central Brooks 
Range (Clegg and Hu 2010), and northwestern Alaska (Mann et al. 2002). Although moisture is 
more variable than temperature and is difficult to generalize to large-scales (Mock et al. 1998), 
this suggests that temperature correlates with biomass burned when conditions are more arid. For 
example, in the Boreal Shield of Canada, fire frequency has been declining recently, despite 
warming, because of an increase in summer moisture (Girardin et al. 2006). Therefore, during 
periods that are very moist, fuels are too wet for temperature to have a strong influence on the 
fire regime. 
  Boreal forest fires are also driven by local-scale controls, which, similar to temperature 
and precipitation, shift in their relative strength through time (e.g. Gavin et al. 2006, Ali et al. 
2009). In fact, we find that not only do the relative importance of fire controls shift through time, 
but that the regional temperature is modifying the importance of land cover in controlling fires 
over the past two millennia. The amount of open water within 5 km of the study sites correlates 
with biomass burned during the coolest quartile of years and not the warmest quartile (Fig. 3.5). 
This observation aligns with our previous finding that biomass burned significantly shifts only 
during the warmest quartile (Fig. 3.4), suggesting that the coolest quartile of years is under the 
influence of more local-scale controls. Thus, consistent with previous conceptual models (Turner 
and Romme 1994), we find that land cover acts as a stronger control on biomass burned when 
temperature is less conducive to fire. Specifically, open water appears to act as a barrier to fire 
spread during cool periods, but less so during warm periods, possibly due to a combination of 1) 
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ideal fire conditions and the increased connectivity of fuel overwhelming the efficacy of fire 
breaks (Turner and Romme 1994) and 2) lake drying during the warmest periods increasing 
landscape connectivity (Riordan et al. 2006, Klein et al. 2005). Thus, our results imply that there 
is a synergistic effect of local scale land cover and regional scale temperature working together 
to control boreal forest fire regimes.  
 More recently, as temperatures have increased there has been a corresponding increase in 
biomass burned in many regions. In Alaska, both the south-central Brooks Range (Higuera et al. 
2009) and in the Yukon Flats ecoregion (Kelly et al. in review), summer warming has been 
matched by increases in biomass burned. In Siberia, the warmest fire seasons have correlated 
with the largest fire years (Soja et al. 2007). Although, in the Western US biomass burning and 
fire frequency has decreased, despite warming, because of anthropogenic fire suppression efforts 
and land use change creating a fire deficit in the region (Marlon et al. 2012). In this study of 
south-central Alaska, from 1900-1950 there was a higher fire frequency and biomass burned than 
average (Fig. 3.2), which aligns well with historic records of eight large fires occurring in the 
region during that period (Barnes et al. 2013, Lutz 1956). The instrumental record for 
temperature and the observational record of fires begins in approximately 1950 AD, which 
implies that summer temperatures remained relatively stable and there was only one fire near one 
site between 1950 and 2010 AD (WRCC 2013, AICC 2013). This too aligns well with our fire 
history reconstructions which record no fires and decreased CHAR recently (Fig. 3.2). The 
recent decline of fire activity in the region is likely the result of a lack of recent warming and 
ignitions (WRCC 2013, AICC 2013). This suggests that once summer temperatures begin to 
increase in this region, fire frequency and biomass burned will increase as observed in other 
regions of Alaska. 
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 In our study of the fire history of south-central Alaska, we have determined that fires are 
driven by complex controls that operate differentially under specific conditions. We find that 
during warm and dry, fire conducive periods top-down climate is the dominant fire regime 
control, whereas during cooler periods local-scale controls, such as fuel arrangement, play a 
larger role in controlling wildfires. This aligns with previous studies, which concluded that 
anthropogenic climate change will result in increased area burned over the next century in 
Alaska (Balshi et al. 2009, Flannigan et al. 2009). However, these studies focus only on climate 
and not their interactions with land cover. During the warmest and most arid periods, we also 
find that the synergistic effects of water bodies on the landscape, temperature, and moisture all 
result in increased potential for biomass burning. Together these results based on a large spatial 
and temporal scale suggest that this previously unaccounted for, bottom-up, fire control may lead 
to additional increases in biomass burning in the circumpolar boreal forests and the Northern 
Hemisphere.  
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FIGURES AND TABLES 
 
Table 3.1. Descriptive features and location of sites included in this study.  
Lake Name Latitude Longitude Coring 
Depth (m) 
Area 
(ha) 
Elevation 
(masl) 
Arcachon Lake 61.44215 -144.11224 11.2 37.9 335 
Augustine Lake 62.71804 -146.17974 7.2 7.7 800 
Canard Lake 61.80283 -144.74485 5.0 14.7 630 
Crater Lake 62.10201 -146.38235 4.2 4.6 810 
Delta Lake 62.72513 -144.95883 10.1 9.4 760 
Elbow Lake 62.20453 -146.51255 5.1 1.8 830 
Emilion Lake 62.72886 -146.71870 7.1 19.8 855 
Figure Eight Lake 62.39054 -146.55834 13.5 13.9 750 
Hudson Lake 61.89771 -145.67072 14.0 256.2 660 
Kite Lake 61.73854 -144.46750 6.4 29.1 690 
Minnesota Plateau Lake 1 62.54369 -146.24622 6.4 20.3 830 
Minnesota Plateau Lake 2 62.51095 -146.29086 4.4 32.3 825 
Minnesota Plateau Lake 3 62.49473 -146.24385 6.8 37.8 840 
Minnesota Plateau Lake 4 62.56707 -146.10089 10.2 0.8 820 
Mt. Tolsona Lake 62.15035 -146.21705 6.4 24.0 830 
North Jan Lake 62.29909 -146.39106 10.1 27.0 740 
Petit Basin 61.99051 -146.18245 3.9 26.6 650 
Pierreton Lake 62.51297 -147.45224 5.2 19.5 830 
Ryan Lake 62.02507 -146.63964 3.2 15.3 750 
Skull Lake 62.24088 -146.81161 12.0 13.3 785 
Super Cub Lake 62.29687 -145.34764 4.7 3.2 490 
Swimming Bear Lake 62.56447 -147.12958 4.7 14.3 770 
Tex Smith Lake 62.09347 -146.29058 8.2 5.8 745 
Upper Twin Lake 62.77996 -145.86775 5.2 40.1 820 
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Figure 3.1. Map of study sites in the Copper River Basin ecoregion (black outline and inset). The 
area burned from 1942-2011 is shown in grey. Lake-sediment coring sites (n=24) are represented 
by grey dots. 
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Figure 3.2. a) Fire frequency (FF) and c) charcoal accumulation rate (CHAR) in the CRB 
smoothed using a Gaussian distribution with a 50 year standard deviation. The b) FF and d) 
CHAR from 1900-2000, which correspond to the last 100 years of panels a and c (indicated by 
the dashed black lines) smoothed using a Gaussian distribution with a 15 year (b) and 5 year (d) 
standard deviation. The grey dotted line represents the 2000 year mean. Error is represented by 
the 95% confidence intervals (grey). e) The number of records contributing to the reconstruction. 
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Figure 3.3. Comparison of (a) Copper River Basin CHAR (95% CI, grey fill) with 200-yr 
smoothed summer temperature reconstructions from the (b) Copper River Basin, Alaska (raw 
data; grey dots) , (c) Northern Hemisphere (unsmoothed composite; grey line), and (d) Arctic 
(unsmoothed composite; grey line). 
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Figure 3.4. Mean charcoal accumulation rate (a) and fire frequency (b) sorted by 2000 years of 
Northern Hemisphere temperature by quartile (1 = coolest, 4 = warmest) for each site (n = 24). A 
significant effect of temperature quartile was found for mean CHAR with a repeated measures 
ANOVA (F(3,69) = 2.91, p = 0.04). A post-hoc Fisher’s least significant difference reveals this 
effect was primarily driven by the warmest quartile (i < 0.01, ii = 0.02, iii = 0.08, horizontal 
brackets). A significant effect of temperature quartile was not found for fire frequency (F (3,69) 
= 1.47, p = 0.23). Error bars represent the standard error of the mean. 
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Figure 3.5. Log open water land cover compared to charcoal accumulation rate data from 24 
charcoal records corresponding to the (a) coolest and (b) warmest quartiles over the past 2000 
years in the Northern Hemisphere. Land cover is assessed as a percent of a 5 km radius 
surrounding the location the sediment-core was sampled. 
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CHAPTER 4: TOP-DOWN VS. BOTTOM-UP CONTROLS OF FIRE REGIMES: HOW 
CLIMATE AND LAND COVER INTERACT TO INFLUENCE ALASKAN BOREAL-
FOREST BURNING 
ABSTRACT 
 Fire activity in the boreal-forest biome has increased in response to rising temperatures 
over the past several decades, which has both local and potentially global consequences. In 
addition to this top-down climatic effect, fire regimes are influenced by bottom-up factors (e.g., 
land-cover and associated fuel types). We use fire observations during the period of 2002 - 2011 
in the boreal forests of Alaska to elucidate the relative roles of top-down and bottom-up controls 
on fire regimes. Warm and dry summers favor burning, as evidenced by the significant 
correlations of mean summer Climate Moisture Index (CMI = precipitation-potential 
evapotranspiration) with annual area burned (r = -0.81, p < 0.01), total number of fires (r = -0.89, 
p < 0.01), and number of large fires (>500 km
2
, r = -0.71, p = 0.02). Coniferous forest and 
woody wetland are the two land cover types with positive correlations with area burned, whereas 
shrub-scrub, dwarf scrub, and fuel-free areas are negatively correlated with area burned. The 
composition of land-cover classes in burned areas differed significantly from a null model of 
land covers in all areas of interior Alaska. Dissimilarity analysis reveals that land cover classes 
burned more similarly to the null model in warmer/drier summers (low CMI values), suggesting 
that land cover plays a more important role when climate conditions are less favorable for forest 
burning. However, coniferous forests dominated area burned across large CMI gradients between 
2002 and 2011, including extreme fire years (e.g. 2004) under warm and dry climatic conditions. 
This pattern probably reflects the marked differences in the flammability among different land-
cover classes in boreal ecosystems. These results imply that future climatic warming and drying 
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will continue to favor coniferous forest burning, but that an increased prevalence of early-
successional vegetation resulting from increased fire frequency and severity may exert a negative 
feedback to biomass burning. 
INTRODUCTION 
 Fires in the boreal forest are a keystone disturbance affecting a wide range of ecosystem 
processes, including vegetation dynamics, nutrient and carbon cycles, and water balance (e.g., 
Harden et al. 2002, O'Neill et al. 2003, Burke et al. 2005, Hart and Chen 2006). Fire occurrence 
and spread are driven by top-down climatic controls as well as bottom-up controls, such as the 
spatial arrangement of fuels available for burning. Area burned in Alaska has doubled in 
response to climatic warming over the past several decades (Kasischke and Turetsky 2006), and 
future climatic warming is anticipated to increase boreal-forest burning. However, it remains 
unclear how bottom-up fire controls may interact with a changing climate to affect forest 
burning, contributing to uncertainty in predicting how boreal-forest fire regimes will respond to 
anthropogenic warming.  
 Regional climatic conditions represent major top-down controls of the boreal fire regime 
(e.g., Kasischke and Turetsky 2006, Bond and van Wilgen 1996, Kasischke et al. 2002), with a 
high probability of ignition, high temperatures, and low moisture (thus dry fuel) creating ideal 
conditions for fires. Although many other factors affect fire occurrence, >75% of annual area 
burned in interior Alaska is accounted for by summer temperature and precipitation (Balshi et al. 
2009, Duffy et al. 2005), thus, temperature and precipitation are the dominate drivers of the fire 
regime in Alaska. Precipitation shifts alone also have a large influence on fire risk; for example, 
Girardin et al. (2009) detected increased fire risk during drought conditions throughout the boreal 
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forest biome over the past century. However, these studies examine fire and climate relationships 
at large spatial scales and do not consider the potential for local landscapes to interact with 
climate to influence fire regime. 
 Bottom-up factors, such as topographic roughness (Stambaugh and Guyette 2008) and the 
spatial arrangement of flammable fuels (Miller and Urban 2000) can strongly affect local fire 
occurrence and spread through changes in microclimate and vegetation composition and 
abundance (Heyerdahl et al. 2001). Fires often burn out when switching between fuel types or 
species, illustrating how mosaics of land cover types can decrease fire spread across a landscape 
(Lloret et al. 2002). Fire breaks or barriers, such as water bodies, also impede fire spread; as the 
amount of fuel-free land cover increases, fire spread decreases (e.g., Grimm 1984, Larsen 1997, 
Hellberg et al. 2004). For example, increased landscape heterogeneity, resulting from fuel-free 
land cover types, leads to fewer and less intense fires when compared with nearby landscapes 
with homogeneous fuel cover (Dansereau and Bergeron 1993).  
  Several studies have examined the relative influence of bottom-up and top-down fire 
regime controls (e.g. Bessie and Johnson 1995, Parisien et al. 2011). Bessie and Johnson (1995) 
tested the relative importance of fuel conditions compared to weather in controlling fire intensity 
in subalpine forests. They found that daily weather and fuel account for 83% and 15% of the 
variations in fire intensity, respectively (Bessie and Johnson 1995). When examining the spatial 
pattern of burn probabilities of the boreal forest of western Canada, Parisien et al. (2011) found 
that fuels account for 67.4% and weather contributes 29.2% of the burn probability. Ultimately 
the relative influence of fire regime controls varies spatially and temporally making it difficult to 
definitively determine the importance of specific controls at large scales (Parks et al. 2012). This 
is complicated by that fact that the influences of landscape controls on fires may change through 
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time in response to changing climate. For example, Turner and Romme (1994) found that when 
climatic conditions were not particularly favorable for fires, local landscape features, such as the 
spatial arrangement of fuels, strongly influenced fire spread in Yellowstone National Park. 
However, during periods when climatic conditions were more conducive to fires (i.e. low fuel 
moisture, wind, ignition), fires spread regardless of fuel connectivity.  
Although previous studies have observed shifts in the relative importance of top-down 
and bottom-up controls for driving fire regimes over centuries to millennia (e.g. Heyerdahl et al. 
2001, Gavin et al. 2006, Ali et al. 2009), none have explicitly tested potential interactions 
between these controls to provide a mechanistic explanation for such shifts. In this study, we test 
for the effects of climate, land cover, and their interaction as fire regime controls in interior 
boreal Alaska from 2002-2011. First, we compare the area burned and number of fires that occur 
in each summer relative to the mean summer climate to evaluate climatic effects on burning. To 
test the influence of land cover on burning, we compare the amount of each major land cover 
class to the amount of area burned locally. The interaction between climate and landscape is 
tested by comparing a null model of land cover in Alaska to the observed land covers that burned 
during different climatic conditions and in different fire sizes to see if land cover burns 
differently from random. Finally, to determine if large fires burn vegetation differently from 
small fires, we explore the size and contagion of land cover patches burned in large and small 
fires.  
METHODS 
 This study used the database of fire perimeters from the Alaska Fire Service, which 
includes all fires >0.4 km
2 
during the study period (Fig. 4.1). The dataset possibly overestimates 
the area burned, because it is likely that some of the burn perimeters include unburned patches 
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(Kolden et al. 2012). We chose the period of 2002-2011 because the National Land Cover 
Database, the raster dataset of land cover in Alaska at 30-m resolution, was created for the land 
cover in 2001 (Homer et al. 2004). By using the land cover that existed after 2001 (Table 4.1), 
we can analyze the approximate vegetation types that burned in each fire. The accuracy of the 
land cover classes is 76% for Alaska overall, 84% for coniferous forest, and 92% for open water 
(Stehman and Selkowitz 2010). Land cover classes that are rare have lower accuracies, but they 
do not make up a substantial amount of the area burned. To increase the accuracy of our 
assessment, we excluded land-cover classes that represent <1% of interior Alaska. To assess 
climatic conditions during fire events, we used monthly temperature and precipitation (PPT) data 
from five weather stations in interior Alaska (Bettles, Delta Junction, Tanana, Fairbanks, and 
McGrath, Duffy et al. 2005), which all have continuous records through the 1950’s. These data 
were downloaded from <http://www.wrcc.dri.edu/>. We calculated the climate moisture index 
(CMI) as the difference between PPT and potential evapotranspiration (PET) (Hogg 1997). PET 
was determined with the Hamon equation, which is based on day length, saturation vapor 
pressure, and average monthly temperature (Lu et al. 2005, Allen et al. 1998). Most fires 
occurred between June and August; thus we calculated summer CMI as the mean CMI for June, 
July, and August. Lower values of mean summer CMI indicate warmer and drier conditions. We 
compared the CMI values of 2002-2011 with the mean summer CMI values of 1955-2001 to 
determine how the past decade compares with the long-term average. For fires that occurred 
between 2002 and 2011, mean summer CMI was also compared with annual area burned and the 
number of fires per year using Spearman's rank correlation coefficient to evaluate the 
relationship between fires and climate. Spearman’s rank correlations were performed throughout 
this study because our data is not normally distributed.  
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 To test if land-cover influences burning potential, we surveyed the land cover throughout 
the boreal forests of interior Alaska. Interior Alaska spans gradients of moisture, lightning strike 
frequency, and seasonality that could all potentially mask land-cover influences on forest fires. 
Thus, we created a lattice of 245 points across the study area to ensure sampling of the entire 
region across all these potential gradients and eliminate potential pseudo-replication arising from 
random sampling (Fortin et al. 1989). Each point was placed 36.5 km apart, which represents a 
buffer area around each point 100 times larger than the median fire size to minimize spatial 
autocorrelation. Within a 13 km radius around each point, which represents an area 50 times 
larger than the median fire size, we calculated the percent of each core area that had burned since 
2002. Buffer and core areas of different sizes exhibited similar results; however, we chose an 
area 50 times the median fire size, because it is large enough to capture the variability of the 
landscape surrounding potential fires but still small enough to enable placement of adequate 
replicates across the study region. We also calculated the area of each major land-cover class 
within each core area. For this analysis, open water and barrens were combined to form the 
“fuel-free” land cover in order to increase statistical power. A Spearman's rank correlation 
coefficient was calculated to determine if a significant relationship existed between area burned 
and land cover.  
 We tested for potential interactions between land cover and climate in controlling fires by 
comparing the historical fire data (2002-2011) to a null model of random burning. To create this 
null model, we randomly selected areas of interior Alaska based on the average size and number 
of fires from the historical records. We then calculated the mean percent and 95% confidence 
interval of each land cover burned by chance under the null model. The 95% confidence intervals 
were created by running this analysis through 1000 Monte Carlo simulations and determining the 
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mean percent land cover at the 2.5% and 97.5% of their range. To determine how different the 
actual vegetation that burned in each year was from the null model, we calculated a dissimilarity 
index using the squared chord distance, considered the most reliable metric to compare the 
similarity or dissimilarity between pollen samples through time (Overpeck et al. 1985), to 
determine how the distribution of land-cover classes that burned in each year differed from the 
null model. In our study, we use the squared chord distance to compare the land cover that 
burned in each year to the modeled land cover of interior Alaska. A separate null model was 
created for each of the following: summers with higher and lower mean CMI (following the 
break in the dissimilarity index values), large and small (>500 km
2
 and <1 km
2
) fires in all 
summers, and large and small fires in the summer with the lowest mean CMI (2004). Fires that 
were >500 km
2
 were considered large following Kasischke and Turetsky (2006) and small fires 
were considered <1 km
2
, which represents the smallest quartile of fires recorded in interior 
Alaska from 2002-2011. To examine how historic land cover burning differs from chance, we 
compared the observed percent burned of each land cover to the null model for all years and for 
each fire group. Differences were tested by t-test comparing the distributions of the land cover 
burned in each fire in higher and lower CMI summers and in large and small fires in all summers 
and in 2004.  
 Finally, to help quantify the landscape patterns of burning, we calculated the largest patch 
index in the largest and smallest fires (>500 km
2
 and <1 km
2
, respectively), which is defined as: 
(area of the largest burned patch of a given land cover * 100 / total burned area). Contagion was 
also measured for all burns (n = 747) to examine both the dispersion and interspersion of land 
cover classes, to further ascertain the structure of the burnt landscapes. This was performed by 
calculating the average adjacency of each cell to cells of its own type or other types; thus we 
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determined the probability of finding a cell of type i next to a cell of type j and reported the 
average landscape contagion for each burn perimeter. A null model of contagion in interior 
Alaska was created by repeating this analysis for a set of 747 randomly selected and placed areas 
drawn from the distribution of fire sizes that occurred from 2002 to 2011. To examine the 
relationship between fire size and contagion, we performed a regression analysis, which was 
repeated for the null model. All of our statistical and spatial analyses were performed in 
Mathwork’s Matlab version 2010b, R version 2.15.1, ESRI’s ArcMap version 9.3, FRAGSTATS 
(McGarigal et al. 2002), and Hawth's Analysis Tools in ArcGIS (Beyer 2004). 
RESULTS 
 Compared with the mean of 1955-2001 (-46.6 mm), the average CMI values in the 
summers of 2002, 2003, 2006, 2008, and 2011 are higher, whereas the average CMI values in the 
summers of 2004, 2005, 2007, 2009, and 2010 are lower (Fig. 4.2a). Mean summer CMI is 
negatively correlated with annual area burned (r = -0.81, p < 0.01, Fig. 4.2b) and number of fires 
(r = -0.89, p < 0 .01, Fig. 4.2c). Annual area burned and the number of fires also correlate with 
other climatic variables such as mean PPT (r = -0.77, p = 0.014; r = 0.88, p < 0.01, respectively), 
mean PET (r = 0.67, p = 0.039; r = 0.68, p= 0.035, respectively), and mean temperature (r = 
0.65, p = 0.049; r = 0.71, p = 0.028, respectively) during June-August. We focus on CMI in this 
study because it integrates all of these metrics and has the strongest correlations with burning. 
Fire size is not normally distributed each summer and is skewed by frequent large fire events 
(statistical outliers) (Fig. 4.2d). Large fires, those that are larger than 500 km
2 
(the largest 6% of 
fires), account for 56% of the total area burned, and they occur more often as mean summer CMI 
decreases (r = -0.71, p = 0.02).  
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 Variation in fire regimes is also related to land-cover classes. Area burned is positively 
correlated with the percent cover of coniferous forest (r = 0.22, p < 0.001, Table 4.2) and woody 
wetlands (r = 0.17, p < 0.01, Table 4.2), and negatively correlated with percent cover of shrub-
scrub (r = -0.13, p = 0.04, Table 4.2), dwarf scrub (r = -0.19, p < 0.01, Table 4.2) and fuel-free 
area (open water and barren, r = -0.12, p = 0.06, Table 4.2). The distribution of land cover 
classes within and around burned areas differs from that expected from the null model (Fig. 4.3). 
Compared with the null model, area burned is larger than for coniferous forest and woody 
wetlands, and smaller for deciduous forest, dwarf scrub, shrub-scrub, and herbaceous wetlands (p 
< 0.05, Fig. 4.3). Water and barren areas comprise a lower percent of the land cover in the burn 
perimeters than expected by chance (Fig. 4.3). The largest deviation between the observed 
burning and the null model is for coniferous forest, which comprises 48.4% of the actual area 
burned, but only 35.5% (±1.85%) of the area burned in the null model. 
Square-chord distance analysis reveals that land-cover classes that burned in higher CMI 
years have greater dissimilarity values in higher than lower CMI years when compared to the 
null model (Fig. 4.4). This analysis suggests two relatively distinct groups: lower dissimilarity 
values in 2002, 2004, 2005, 2007, 2009, and 2010 and higher dissimilarity values in 2003, 2006, 
2008, and 2011 (Fig. 4.4). Overall, mean annual area burned is smaller in the four higher CMI 
summers (~1,050 km
2
) than in the six lower CMI summers (~11,650 km
2
), and more of every 
land cover type burned in the lower CMI summers (Table 4.3). Coniferous forest burned 
significantly more during low than high CMI summers (48.4% and 42.9% respectively; t(743 ) = 
2.03, p = 0.04) as did shrub-scrub (23.4% and 10.1%, respectively; t(743) = 2.02, p = 0.04). 
Although the total area burned in deciduous forest is higher, a smaller percentage of deciduous 
forest burned in high than low CMI summers (11.2% and 6.9% respectively; t(743) = -2.7, p < 
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0.01). Compared with the null model of Alaskan land cover, during higher CMI summers fires 
burned a higher percentage of coniferous forest, woody wetland, and deciduous forest and a 
lower percentage of dwarf scrub and scrub-shrub communities (p < 0.05, Fig. 4.5a). The patterns 
are similar during low CMI summers; however, low CMI summers had significantly less burning 
of deciduous forest and herbaceous wetlands than expected (p < 0.05, Fig. 4.5b). Regardless of 
the CMI value, open water and barren areas are smaller within the historic burn perimeters than 
exist on the landscape based on the null model (p < 0.05, Fig. 4.5).  
Within burn perimeters, coniferous forest is the only land-cover type that differs 
significantly between the largest fires (>500 km
2
) and the smallest 25% of fires (<1 
km
2
)Coniferous forest accounted for 48.4% of the area burned in the largest fires, compared with 
only 32.3% in the smallest fires (t(231) = -3.28, p < 0.01, Fig 4.6a,b). Compared with the null 
model, the largest fires burned a higher percentage of coniferous forest and lower percentages of 
open dwarf scrub, shrub scrub, and “fuel-free” area (p < 0.05, Fig. 4.6b). The patterns are similar 
during the summer of 2004 (Fig. 4.6c, d), which had the lowest mean CMI and numerous fires in 
interior Alaska. The small fires differed from their null model by burning a higher percentage of 
woody wetlands and lower percentages of deciduous forest and mixed forest (p < 0.05, Fig. 
4.6a).  
We used the largest patch index to infer if the largest and smallest fires spread across 
different land covers differently. In the largest fires, the largest patch in each fire occurs in only 
three land cover classes: coniferous forest, shrub scrub, or woody wetlands, with coniferous 
forest as the dominant (67.4%, Fig. 4.7b). In the smallest fires, the largest patches are more 
evenly distributed across the land cover classes: ~32% coniferous forest, ~25% shrub-scrub, 
~14% woody wetland, and ~1.5-10% each of the remaining classes (Fig. 4.7a). For coniferous 
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forest, the largest patch index is generally <10% of the area burned in small fires but is greater in 
large fires (Fig. 4.7c, d). Additionally, analysis of all burned areas from 2002-2011 indicates that 
land cover contagion increases with area burned (R = 0.06, p < 0.001, Fig. 4.7e). Although there 
is a tendency for larger areas to have greater contagion even under the null model, observed fires 
demonstrate a significantly stronger relationship between contagion and area burned than by 
chance (t(746)= 2.81, p < 0.01, t-test comparing regression slopes of null vs. observed dataset). 
DISCUSSION 
 Understanding how bottom-up and top-down controls affect fire regimes is critical for 
predicting and managing future wildfires. This study extends our understanding of the important 
roles of climate, land cover, and their interactions in controlling fire regimes. Our results provide 
evidence that although climate modifies the influence of land cover on fire regimes, regardless of 
climate condition boreal forest wildfires are dominated by coniferous forest burning. We 
examined the land cover classes that burned in fires across a range of mean CMI values over the 
past decade to determine if there is an interaction between climate and vegetation in controlling 
wildfires. 
Climate and land cover affect boreal forest fire regimes 
 Area burned has increased over the past several decades in response to anthropogenic 
warming (Kasischke and Turetsky 2006). This trend is anticipated to continue with increasing 
temperatures and decreasing precipitation (Duffy et al. 2005, Balshi et al. 2009). Consistent with 
previous studies (e.g., Bessie and Johnson 1995), our results show that drier and warmer summer 
conditions lead to increases in annual area burned and number of fires (Fig. 4.2). More 
specifically, all land cover classes burn more during summers with low mean CMI, and in total 
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~5 times more area is burned in low mean CMI summers than in summers with high mean CMI 
(Table 4.3). We also found that mean summer CMI was associated with increases in the number 
of extreme fire events (>500 km
2
), which represented only 6% of the fires but accounted for 56% 
of the area burned in our study from 2002-2011. Kasischke and Turetsky (2006) found that fires 
>500 km
2
 between 1959 and 1999 also represent approximately more than half the area burned 
in Alaska. Furthermore, they observed an increase in the frequency of large fires as temperatures 
increased. Therefore, our data support previous studies indicating that climate is a strong control 
on boreal wildfires. 
 However, we also find evidence that land cover exerts a strong control on the fire regime. 
Our results reveal that coniferous forest and woody wetlands land-cover classes have significant 
positive correlations with area burned (Fig. 4.3, Table 4.2). Both of these classes have a large 
amount of flammable biomass and the prevalence of the highly flammable P. mariana, a major 
constituent of upland Alaskan coniferous forests and boggy muskeg habitats (i.e. woody 
wetlands; Yarie 1981, Rupp et al. 2002, Lutz 1956). P. mariana is semi-serotineous with a high 
resin content, low moisture, and a lattice of dry twigs and branches that are highly flammable. 
The expansion of P. mariana on the landscape resulted in increases in area burned, fire 
frequency, and extreme burning events (Rupp et al. 2002). This suggests that communities with 
large amounts of biomass, capable of supporting crown fires, would have increased burning 
potential with increasing amounts of P. mariana. Our results also show that shrub-scrub and 
dwarf scrub are negatively correlated with area burned, suggesting that areas with shrubs are not 
highly flammable relative to other fuel types in interior Alaska (Fig. 4.3, Table 4.2). In boreal 
ecosystems, deciduous shrub communities are generally associated with early succession (e.g., 
after disturbance from a forest fire) and are not as flammable as conifers (Cumming 2001). 
70 
 
Crown fires can move into deciduous patches, but tend to quickly transition into less intense 
surface fires (Cumming 2001); such low flammability might be attributed to relatively low levels 
of live fuel and litter, which would decrease fire contagion between shrubs. Moreover, shrub 
communities in interior Alaska often occur in areas that are at a higher elevation relative to the 
forests with low lightning strike densities (Dissing and Verbyla 2003), which would reduce 
ignition frequency and fire occurrence. We also find that there are fewer fires in areas with more 
fuel-free (open water and barren) land cover (Fig. 4.4a, Table 4.2). Many studies suggest that 
fewer fires occur as mean distance to water bodies decreases (e.g. Larsen 1997, Hellberg et al. 
2004, Senici et al. 2010, Barrett et al. 2013). This is caused by increased landscape heterogeneity 
that results from landscape fragmentation, increased fuel moisture that results from increased 
humidity around water bodies, and the water bodies acting as physical barriers to fire spread 
(Senici et al. 2010). Other fuel-free land covers (such as barren areas) may also act as fire breaks 
because of their lack of flammable fuel. Our results suggest that land cover, a bottom-up control, 
has a significant influence of burning in boreal interior Alaska.  
Climate interacts with land cover to affect boreal forest fire regimes 
 Land cover has been shown to exert a strong control over fires during the past several 
decades to millennia (e.g. Dansereau and Bergeron 1993, Parisien et al. 2011, Cumming 2001, 
Senici et al. 2010, Barrett et al. 2013, Table 4.2, Fig. 4.3). It has been proposed, however, that 
the influences of land cover controls on fires are not static, but change through time in response 
to changes in climate (Turner and Romme 1994). For example, in the American West, model 
simulations (Miller and Urban 2000) and observational data (Gedalof et al. 2005) show that if 
conditions are extremely arid, the spatial arrangement of fuels has a diminished effect on fire 
spread. Miller and Urban (2000) show that as fuel moisture decreases, and vegetation increases 
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in flammability, the landscape connectivity effectively increases, which results in increased fire 
spread. Here we show that different mean summer climatic conditions result in different patterns 
of land-cover class burning and explore the spatial arrangement of fuels and shifts in relative 
landscape connectivity as potential mechanisms for this phenomenon.  
 In the boreal forest of interior Alaska, we find that many individual land cover classes 
burned significantly differently from random during both high and low CMI summers (Fig. 4.5). 
However, when these results are integrated across all major land cover classes, we find that 
higher CMI (cooler/wetter) summers are more dissimilar from the null model than lower CMI 
(warmer/drier) summers (Fig. 4.4). This suggests that during summers when conditions are not 
extreme land cover is an important control on fire spread; however, during fire conducive 
conditions fires burn fuel more closely to its abundance on the landscape (Fig. 4.4). This 
supports the hypothesis of Turner and Romme (1994) that fire conducive conditions will support 
the burning of low flammability fuels and provides empirical evidence that under certain 
conditions climate overwhelms the importance of land cover as a boreal forest fire control. 
However, we also observe strikingly high levels of coniferous forest burning, particularly during 
low CMI summers (Fig. 4.5b). Our null model suggests that while coniferous forest in interior 
Alaska represents 35.5% of the land cover, coniferous forest constituted 48.4% and 42.9% of the 
area burned in low and high CMI summers, respectively (Fig. 4.5). Thus although all fuel types 
are more flammable in low CMI summers (Table 4.3), coniferous forests disproportionately 
increase in flammability as temperature and aridity increase. Coniferous forests, particularly P. 
mariana, are more flammable than other fuels under normal conditions (Rupp et al. 2002, 
Cumming 2001, Table 4.2, Fig. 4.3) and under warm/dry conditions the inherent flammability of 
conifers must be augmented to increase flammability non-linearly. These results suggest two 
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interactions between climate and land cover: (1) there is an overall diminished influence of land 
cover on fire spread during warmer and drier summers and (2) coniferous forests 
disproportionately increase in flammability during warmer and drier summers.  
 This unexpected increase in conifer burning is likely a result of how fires spread through 
differentially flammable fuels. We focus on extremely large and small fires and find that the only 
significant difference between the largest and smallest fires is the percent of coniferous forest 
burned (48.4% and 32.3% respectively; t(231) = -3.28, p < 0.01, Fig. 4.6). The potential 
mechanism for this difference is that small fires are burning the fuel adjacent to their ignition 
source and burning out as a result of insufficient or low flammability fuels. The largest patch 
within each small fire can be in any of the major land cover classes, which are likely just the 
closest to the ignition (Fig. 4.7a). However, the extremely large fires appear to be spreading from 
their point of ignition and selectively burning into more highly flammable fuels (Fig. 4.7b). Thus 
increased fire spread during low CMI summers may have enabled more fires to maneuver into 
highly flammable vegetation patches, such as coniferous forests. This increased fire spread could 
account for the increased amount of coniferous forest burned. Moreover, landscape contagion 
significantly increases as fire size increases, suggesting that larger fires are burning through more 
homogeneous landscapes (Fig. 4.7e). This is supported by model simulations showing that 
landscapes with large patches of highly flammable fuel enable fires to spread more easily 
through these flammable patches, resulting in larger total area burned (Moritz et al. 2005).  
 Extreme conditions are becoming more prevalent in general (Solomon 2007), and 
extreme boreal forest fires are no exception. In Alaska, not only has area burned doubled as a 
result of increased temperature since 1960, but the number of large fires has also increased 
(Kasischke and Turetsky 2006). In fact since 1940, four of the eleven largest fire years on record 
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in Alaska occurred from 2002 to 2009 (Kasischke et al. 2010). Similarly, in Siberia, extreme fire 
years have increased as temperatures have increased, with 7 of 9 years from 1998-2006 being 
classified as extreme burning years (Soja et al. 2007). Our analysis spanning 2002-2011 suggests 
that not only climate, but land cover and, importantly, the interaction between climate and land 
cover controls boreal forest burning. Extreme fires are most likely to occur in summers with 
warm and arid conditions (Soja et al. 2007, Kasischke et al. 2010) likely because all fuel types 
are more flammable. This is supported by our finding that every land cover class has a higher 
annual area burned in low CMI years as compared to high CMI years (Table 4.3). This increased 
flammability enables fires to more easily spread into large patches of highly flammable conifer 
forest. Thus although our dissimilarity analysis suggests that land cover is a more important 
control during high than low CMI summers, increased fire spread during low CMI summers 
disproportionately causes coniferous forest to burn in extremely large fire events.  
 These observations have significant ramifications in light of the increasing temperatures 
and predicted increases in area burned projected for Alaska (Balshi et al. 2009). If the prevalence 
of low CMI summers increases, our results predict that boreal forest fires will become larger and 
more prone to consume coniferous forests; however, vegetation composition and spatial 
patterning are also predicted to change with increased burning of highly flammable fuels (Rupp 
et al. 2000). These fire-induced vegetation changes may then lead to an increased abundance of 
early successional and deciduous forest species, which could decrease fire frequency and spread 
(Johnstone et al. 2011). Consequently, disturbance-induced changes in vegetation have the 
potential to mitigate the influence of increased temperatures on burning (Rupp et al. 2000, 
Johnstone et al. 2011). Although we provide evidence of climate overwhelming land cover 
controls on forest fires, in the near future, land cover controls may theoretically mediate the 
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importance of climate controls on fire regimes. Consistent with this prediction and the results of 
the present study, to accurately characterize the drivers of fire regimes it is essential to 
understand the interactions between top-down and bottom-up fire regime controls. 
 
  
75 
 
 
FIGURES AND TABLES 
 
Table 4.1. National Land Cover Data (2001) major land cover class definitions modified from 
the US EPA. 
Land Cover Class Description 
Barren Land 
(Rock/Sand/Clay) 
 Barren areas of bedrock, desert pavement, scarps, talus, slides, volcanic 
material, glacial debris, sand dunes, strip mines, gravel pits and other 
accumulations of earthen material. Generally, vegetation accounts for 
less than 15% of total cover. 
Coniferous Forest Areas dominated by trees generally greater than 5 meters tall, and greater 
than 20% of total vegetation cover. More than 75 percent of the tree 
species maintain their leaves all year. Canopy is never without green 
foliage. 
Deciduous Forest  Areas dominated by trees generally greater than 5 meters tall, and greater 
than 20% of total vegetation cover. More than 75 percent of the tree 
species shed foliage simultaneously in response to seasonal change. 
Dwarf Scrub Alaska only areas dominated by shrubs less than 20 centimeters tall with 
shrub canopy typically greater than 20% of total vegetation. This type is 
often co-associated with grasses, sedges, herbs, and non-vascular 
vegetation. 
Emergent Herbaceous 
Wetlands 
Areas where forest or shrubland vegetation accounts for greater than 20 
percent of vegetative cover and the soil or substrate is periodically 
saturated with or covered with water. 
Mixed Forest Areas dominated by trees generally greater than 5 meters tall, and greater 
than 20% of total vegetation cover. Neither deciduous nor evergreen 
species are greater than 75 percent of total tree cover. 
Open Water  All areas of open water, generally with less than 25% cover of vegetation 
or soil. 
Shrub-Scrub Areas dominated by shrubs; less than 5 meters tall with shrub canopy 
typically greater than 20% of total vegetation. This class includes true 
shrubs, young trees in an early successional stage or trees stunted from 
environmental conditions. 
Woody Wetlands Areas where forest or shrubland vegetation accounts for greater than 20 
percent of vegetative cover and the soil or substrate is periodically 
saturated with or covered with water. 
 
 
76 
 
Table 4.2. Results of spearman rank correlations between percent area burned and percent of 
each major land cover class measured in a survey of area of Alaska. The fuel free class pools 
open water and barren areas.  
 
Land cover class Spearman's rho p-value 
Coniferous Forest 0.22 <0.001 
Woody Wetlands 0.17 <0.01 
Emergent Herbaceous Wetlands 0.09 0.16 
Deciduous Forest 0.03 0.60 
Mixed Forest 0.01 0.82 
Fuel-Free -0.12 0.06 
Shrub Scrub -0.13 0.04 
Dwarf Scrub -0.19 <0.01 
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Table 4.3. The mean annual area burned (km
2
) in each of the major land cover classes during the 
lower six and higher four CMI summers. 
 
Land Cover Type 
Mean annual area burned (km
2
) 
Higher CMI Lower CMI 
Open Water 12.3 111.3 
Barren Land 6.7 19.5 
Deciduous Forest 117.0 800.4 
Evergreen Forest 450.5 5639.3 
Mixed Forest 58.7 770.6 
Dwarf Scrub 23.7 274.4 
Shrub-Scrub 106.2 2725.7 
Woody Wetlands 236.2 1050.9 
Emergent Herbaceous Wetlands 16.9 102.7 
Sum 1049.2 11642.8 
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Figure 4.1. Map of Alaskan fires occurring between 2002 and 2011 (grey) and Interior Alaskan 
boreal forest (outlined in black). 
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Figure 4.2. a) Histogram of the frequency of mean summer CMI from 1955-2001 (grey bars) and 
2002-2011 (white bars). b) Log annual area burned (km
2
) in interior Alaska from 2002-2011 by 
our mean summer (J, J, A) climate moisture index (CMI) (r= -0.81, p<0.01). c) Number of fires 
in Interior Alaska from 2002-2011 by mean summer CMI (r=-0.89 p<0.01). d) Box plots of fire 
size over the past decade. On each box the central mark represents the median and + symbols 
represent outliers.  
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Figure 4.3. Comparison of the actual percent of area burned in all years 2002-2011 (grey dots) to 
a null model of Alaskan land cover (bars) run through 1000 Monte Carlo simulations. A plus (+) 
indicates that the percent of area burned of that cover type is outside the 95% confidence interval 
of the null model. 
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Figure 4.4. Mean CMI compared to a dissimilarity index between the amount of each land cover 
type burned and the null model of interior Alaskan land cover for each summer (small circles). 
Large circles indicate the natural grouping of the data.  
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Figure 4.5. Comparison of (a) the six years with higher and (b) the four years with lower mean 
summer CMI (grey dots) to a null model of Alaskan land cover (bars) run through 1000 Monte 
Carlo simulations. A plus (+) indicates that the percent of area burned of that cover type is 
outside the 95% confidence interval of the null model. 
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Figure 4.6. Comparison of the percent of area burned in (a) small fires (<1 km
2
) and (b) 
extremely large fires (>500 km
2
) spanning 2002-2011, indicated by grey dots, to a null model of 
Alaskan land cover (bars) run through 1000 Monte Carlo simulations. A plus (+) indicates that 
the percent of area burned of that cover type is outside the 95% confidence interval of the null 
model. This was analysis is repeated for the (c) smallest fires and (d) largest fires that occur in 
the year with the lowest CMI, 2004.  
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Figure 4.7. The percent of fires that are a) <1 km
2
 and b) >500 km
2
 in size with the largest patch 
in each of the major land cover classes. The percent of each fire c) <1 km
2
 and d) >500 km
2
 that 
is comprised of the largest conifer patch binned in 10% intervals. e) The contagion index 
calculated for all fires by log annual area burned (km
2
). 
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CONCLUDING REMARKS 
 My dissertation research sought to characterize the patterns and controls of Alaskan 
boreal-forest fires from 7000 years BP through the present. Previous research suggests that land 
cover (e.g. Dansereau and Bergeron 1993, Miller and Urban 2000) and climate (e.g. Duffy et al. 
2005) are important drivers of boreal-forest fires. The relative importance of these drivers can 
shift over time (e.g. Miller and Urban 2000, Gavin et al. 2006, Kennedy and McKenzie 2010). 
Furthermore, these controls have been hypothesized to interact; for example, top-down controls 
may override the effects of bottom-up controls when the climate is more conducive to fire 
(Turner and Romme 1994).  
In order to better characterize forest fire regimes and assess the consequences of future 
climatic and/or vegetative shifts, it is imperative to understand the extent and circumstances in 
which various factors interact to control forest fire regimes. Previously our understanding of fire 
regime controls has come from paleoecological analysis, modern spatial analysis, and statistical 
and computer modeling. There had been no explicit test to determine the importance of top-down 
and bottom-up controls on boreal-forest regimes through millennia in different landscapes. My 
research design, which paired 24 fire-history records with a modern landscape analysis, enabled 
me to characterize climate, land cover, and their interaction as fire regime controls through time.  
I found that climate played an important role in controlling forest fires over the past 7,000 
years through present in south-central Alaska (Chapters 2, 3). A similar relationship also existed 
during climatic warming of the last decade (Chapter 4). These observations suggest that climate 
plays a strong role in regulating fire regimes in the boreal forest. Strikingly, however, I found 
that 1) the correlation between biomass burning and summer temperature is driven 
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predominantly by the warmest periods (Chapter 3, 4), and 2) unlike with total biomass, no 
correlation was observed between climate and the frequency of fires. Thus, the effects of climate 
on fire regimes are most pronounced under conditions in which summer temperatures are at their 
highest and appear to exert a greater influence on total area burned than on fire frequency. With 
projections of future temperature increases of several degrees this century (Balshi et al. 2009 
widespread increases in total area burned may occur in boreal forests.  
In addition to a large effect of climate on controlling fire regimes, I also found that local 
land cover, such as water bodies and vegetation, influenced forest fire regimes over the past 
several thousand years. I found that vegetation classes in Alaska are differentially flammable 
causing fires to burn certain fuels preferentially (Chapter 4). Coupled with the observation that, 
over the past 7000 years, water bodies have served to limit the spread of fires (Chapter 2), my 
results clearly indicate that land cover provides strong control on fire regimes.  
 In my thesis, I also evaluated the interactive effects of vegetation and climate feedbacks 
on the fire regime through the past six millennia. My results show that from 6000-3000 years ago 
there was little similarity between biomass burned and summer temperature. In contrast, from 
3000 years ago through present, when more highly flammable vegetation (Picea mariana) 
became more dominant in the region, summer temperature became an important control of the 
fire regime. Thus an increased sensitivity in biomass burning to summer-temperature fluctuations 
occurred because of the change in the vegetation community (Chapter 2). This highlights the 
importance of vegetation in influencing the role climate plays as a fire control and suggests that 
the current relationships we see between fire, climate, and vegetation are not static. Shifts in the 
relative importance of land-cover and climate in controlling fires have been inferred in other 
regions as an explanation for changes in fire history synchrony. For example, Gavin et al. (2006) 
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observed that the regional fire history became more homogeneous as climate variability shifted. 
This suggests that increased climate variability can mask the effects of land cover on fire 
regimes. Ali et al. (2009) found changes in synchrony between fire history records, which they 
attributed to increases in the water table that made the landscape more moist and heterogeneous 
and thereby increased the importance of local scale bottom-up controls on the fire regime.  
 I found that water bodies were less effective as fire breaks during periods when summer 
temperatures were the most conducive to fires, but were effective controls on fire spread during 
cooler periods (Chapter 3). Like fire breaks, the influence of different vegetation communities 
across the landscape also varied as a consequence of changing climatic conditions. The 
distribution of land-cover classes that burned over the past decade was more similar to the 
distribution of vegetation on the landscape during warm/dry years than during cool/wet years. 
Therefore, during warm/dry summers, vegetation had a diminished effect on fire spread (Chapter 
4). Previously these interactions were speculated to occur (Turner and Romme 1994), but my 
analyses provided empirical evidence that supports the speculation. Moreover, these analyses 
suggest that the interaction between vegetation and climate go both ways and that vegetation can 
also influence the relative importance of climate as a fire control. 
 The climate of Alaska is moving outside the range of natural variability observed since 
the 1950’s and even over the past several thousand years (Solomon 2007). Simple correlations 
between burning and temperature are unlikely to be useful for projecting the fire regime over the 
rest of this century and beyond, because fires can dramatically alter the vegetation communities 
and biomass availability. Case in point, I found that particularly large fires are composed of large 
expanses of contiguous, highly flammable, coniferous forest (Chapter 4). As these patches of 
forest are consumed in fires, early successional species that are less flammable will become more 
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dominant, thereby curbing the increases in area burn caused by increasingly warm and dry 
summers (Johnstone et al. 2011). Thus, there might be a decoupling of the climate-fire 
relationship as reconstructed prior to 3000 years ago, when flammable vegetation was less 
abundant (Chapter 2). Therefore the results of my research suggest that, while climate and land 
cover are each important fire controls, it is important to understand the interactions between 
climate and land cover to characterize the past and predict the future of boreal-forest fire 
regimes. 
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2 
 
Table A.1. Radiocarbon ages and associated meta data. * indicates that the date was excluded 
from the age-model (see main text for explanation). 
 
Site and Lab 
Code 
Depth (cm) 
14
C age (± 
error) (yr 
BP) 
Calibrated age 
(95% CI) (cal yr 
BP) 
Material dated 
Crater Lake         
CAMS 140269 32.00-32.50 1185 ± 35 1110 (998-1225) Wood 
CAMS 140896 51.00-51.25 2565 ± 35 2711 (2507-2749) Charred Needle 
CAMS 139045 69.25-69.50 3055 ± 35 3281 (3166-3355) Wood 
CAMS 140270 83.75-84.00 3655 ± 35 3975 (3880-4083) Wood 
*CAMS 140271 99.50-99.75 5730 ± 45 6526 (6418-6639) Wood 
CAMS 140899 99.50-99.75 4495 ± 35 5165 (4995-5290) Charcoal 
CAMS 140272 124.50-124.75 5265 ± 35 6049 (5938-6173) Wood 
CAMS 139046 144.75-145.00 6755 ± 45 7612 (7526-7672) Needles 
          
Hudson Lake         
CAMS 124541 86.0-87.0 905 ± 40 829 (736-915) Needle 
*CAMS 120727 88.0-88.5 7235 ± 35 8046 (7975-8157) Wood 
CAMS 124542 115.0-116.0 1385 ± 35 1301 (1262-1351) Needle 
CAMS 119166 141.0-141.5 1660 ± 35 1561 (1433-1683) Needle 
CAMS 120728 176.0-176.5 2445 ± 40 2504 (2363-2698) Needle 
CAMS 120729 212.0-212.5 2870 ± 35 2993 (2885-3132) Needle 
CAMS 124543 238.0-239.0 3320 ± 60 3549 (3416-3690) Wood 
CAMS 124544 266.0-268.0 3660 ± 70 3988 (3785-4202) Wood 
CAMS 120730 298.0-298.5 3815 ± 35 4204 (4097-4380) Needle 
CAMS 119169 345.0-345.0 4480 ± 35 5165 (4982-5284) Needle 
CAMS 124545 357.0-358.0 4650 ± 120 5361 (4979-5592) Needle 
CAMS 124546 398.0-399.0 5710 ± 40 6496 (6412-6625) Needle 
CAMS 124547 414.0-415.0 5920 ± 140 6754 (6437-7136) Needle 
CAMS 124548 432.0-433.0 6990 ± 45 7824 (7707-7927) Charcoal 
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Table A.1 (cont.) 
Site and Lab 
Code 
Depth (cm) 
14
C age  
(± error)  
(yr BP) 
Calibrated age 
(95% CI)  
(cal yr BP) 
Material dated 
Minnesota Plateau       
CAMS 138445 38.50-39.00 955 ± 35 854 (787-928) Needles 
CAMS 138444 40.50-41.00 1095 ± 35 1001 (938-1074) Wood 
CAMS 140847 70.00-70.50 1605 ± 40 1481 (1404-1590) Wood 
CAMS 138446 102.5-103.00 3125 ± 35 3353 (3260-3432) Wood 
CAMS 138447 138.00-138.50 3765 ± 35 4128 (4000-4236) Needle 
CAMS 138448 179.00-179.50 5365 ± 35 6166 (6013-6270) Needles 
CAMS 140856 212.50-213.00 5400 ± 90 6182 (5962-6372) Needle 
CAMS 138449 244.50-245.00 7055 ± 40 7888 (7797-7956) Wood 
          
Super Cub Lake         
CAMS 140845 22.50-24.00 790 ± 40 710 (672-780) Wood, Needle, Betula Seed 
CAMS 137762 51.25-51.50 1565 ± 35 1461 (1377-1528) Wood 
CAMS 137763 76.00-76.50 2480 ± 35 2569 (2377-2710) Needle Fragments 
CAMS 137764 130.00-103.25 3430 ± 35 3684 (3590-3818) Needle Fragments 
CAMS 140846 116.50-117.00 4035 ± 40 4501 (4426-4776) Wood 
CAMS 137765 127.00-127.25 4760 ± 40 5511 (5336-5583) Wood 
CAMS 137766 156.25-156.50 5950 ± 35 6775 (6681-6878) Wood 
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Table A.2. Fire-history statistics for the four study sites. Fire return intervals (FRIs) are only 
calculated for periods with median SNI > 3. Weibull model parameters are based on the 
distribution of FRIs for each period. All error is presented as 95% confidence intervals. 
  
Site nFRI Range 
of FRI's 
(yr) 
Mean FRI 
(95%CI) 
Weibull b 
parameter 
(yr) 
Weibull c 
parameter 
(unitless) 
Median 
SNI 
Period 
(yr) 
Super Cub 
(CUB) 
33 30-750 
199      
(157-251) 
216     
(171-268) 
1.39      
(1.19-1.77) 
5.1 
6750-
present 
Hudson (HUD) n/a n/a n/a n/a n/a 2.6 
7000-
5400 
Hudson (HUD) 25 30-645 
206     
(154-264) 
219     
(163-284) 
1.24      
(1.04-1.63) 
5.3 
5400-
present 
Crater (CR) 15 30-420 
138       
(94-187) 
145       
(97-197) 
1.25      
(1.06-1.8) 
5.1 
7000-
4500 
Crater (CR) n/a n/a n/a n/a n/a 2.6 
4500-
2400 
Crater (CR) 5 210-660 
453     
(332-572) 
506     
(369-609) 
3.24      
(2.23-9.83) 
5.5 
2400-
present 
Minnesota 
Plateau (MP) 
n/a n/a n/a n/a n/a 3.1 
7000-
present 
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3 
Table B.1. Information used to create age-depth models for each of the records used in this 
study. 
Site 
Top 
Depth 
(cm) 
Bottom 
Depth 
(cm) 
CAMS 
14
C age ± 
Age (cal. 
Yrs. BP) 
SD Material 
AR 40.00 40.50 140902 975 45 871.3 52.4 full needle 
AR 46.00 46.50 140273 6445 40 7363.1 39.7 wood 
AR 60.00 61.00 149364 2060 35 2029.7 52.2 charcoal peak 
AR 74.50 75.00 143951 3475 50 3749.4 66.4 wood 
AR 94.50 95.00 136623 2890 35 3028.0 61.7 spruce needles, wood 
fragments, 1 char 
AU 60.50 61.00 136627 845 35 759.6 47.6 needle fragments, 
Ericaceae leaves 
AU 91.50 91.75 149843 790 100 744.2 91.0 small fragments of 
wood 
AU 120.75 121.00 149844 2190 45 2214.0 70.0 small fragments of 
wood 
CA 38.50 39.00 143953 1200 35 1126.9 53.7 1 cc bulk sediment 
CA 38.50 39.00 145839 1935 30 1882.9 36.5 charred needle 
CA 51.50 52.00 147356 1650 50 1548.0 72.6 misc organics 
CA 52.00 52.50 141857 1795 35 1725.7 58.1 charcoal 
CA 73.00 74.50 147842 2480 50 2558.6 100.6 small unidentified 
organic material 
CA 94.50 96.00 139047 3370 35 3610.2 50.9 charred needles 
CR 32.00 32.50 140269 1185 35 1110.1 53.8 wood 
CR 51.00 51.25 140896 2565 35 2666.0 79.8 full charred needle 
CR 69.25 69.50 139045 3055 35 3276.7 50.6 wood 
CR 83.75 84.00 140270 3655 35 3984.0 59.9 wood 
CR 99.50 99.75 140899 4495 35 5161.4 82.2 charcoal 
CR 99.50 99.75 140271 5730 45 6530.2 60.8 wood 
CR 124.50 124.75 140272 5265 35 6050.6 72.5 wood 
CR 144.75 145.00 139046 6755 45 7614.0 34.9 2 spruce needles 
CUB 22.50 24.00 140845 790 40 714.8 30.6 wood, needle, Betula 
seed 
CUB 51.25 51.50 137762 1565 35 1459.1 42.4 wood 
CUB 76.00 76.50 137763 2480 35 2567.3 91.9 needle fragments 
CUB 103.00 103.25 137764 3430 35 3694.4 60.6 needle fragments 
CUB 116.50 117.00 140846 4035 40 4518.2 80.5 wood 
CUB 127.00 127.25 137765 4760 40 5495.0 71.4 wood 
CUB 156.25 156.50 137766 5950 35 6779.4 50.1 wood 
DE 47.50 48.00 140852 870 60 799.9 65.6 needle 
DE 70.50 71.00 145836 1095 40 1007.2 43.9 2 deteriorating 
needles 
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Table B.1 (cont.)       
Site 
Top 
Depth 
(cm) 
Bottom 
Depth 
(cm) 
CAMS 
14
C age ± 
Age (cal. 
Yrs. BP) 
SD Material 
DE 96.00 97.00 136625 1275 30 1219.5 39.2 needle fragments 
DE 135.00 135.25 149845 2480 80 2552.3 111.8 needle fragments 
EL 24.50 25.00 143954 490 80 514.6 82.5 needle fragment 
EL 48.00 48.50 140851 2150 100 2143.4 123.4 needle frag 
EL 50.00 50.50 149366 2105 45 2086.4 76.1 Ericaceae leaf (full 
and intact) 
EL 82.00 82.50 138451 2165 35 2194.4 76.9 needles 
EM 36.50 36.75 140850 990 60 888.0 68.7 needle 
EM 69.75 70.50 147843 2260 90 2260.8 127.3 small unidentified 
organic material 
EM 114.50 114.75 138452 3320 60 3553.1 72.9 needle tip 
FE 30.50 31.00 140901 1230 70 1151.8 79.4 needle fragments + 1 
sm wood fragment 
FE 30.50 31.00 145840 2810 30 2911.5 40.1 1 cc bulk sediment 
FE 48.50 49.00 147357 1840 110 1767.3 130.6 misc organics 
FE 48.50 49.00 143946 2080 30 2052.4 45.1 wood pieces 
FE 63.50 64.00 147844 2345 35 2377.0 60.5 small unidentified 
organic material 
HUD 86.00 87.00 124541 905 40 830.5984 53.03 needle 
HUD 88.00 88.50 120727 7235 140 8061.225 54.63 wood 
HUD 115.00 116.00 124542 1385 35 1304.654 24.65 needle 
HUD 141.00 141.50 119166 1660 35 1565.551 55.18 needle 
HUD 176.00 176.50 120728 2445 35 2523.316 106.2 needle 
HUD 212.00 212.50 120729 2870 45 2997.422 60.14 needle 
HUD 238.00 239.00 124543 3320 40 3553.089 72.87 wood 
HUD 266.00 268.00 124544 3660 70 3992.797 99.63 wood 
HUD 298.00 298.50 120730 3815 35 4212.942 69.04 needle 
HUD 345.00 345.50 119169 4480 180 5152.185 89.04 needle 
HUD 357.00 358.00 124545 4650 60 5334.64 172.9 needle 
HUD 398.00 399.00 124546 5710 35 6504.401 57.23 needle 
HUD 414.00 415.00 124547 5920 70 6760.709 176.6 needle 
HUD 432.00 433.00 124548 6990 35 7825.869 60.64 charcoal 
HUD 448.00 449.00 124549 7740 35 8521.057 72.1 charcoal 
HUD 459.00 460.00 124550 8040 150 8932.909 239.7 charcoal 
HUD 483.00 483.50 119167 11620 120 13463.91 76.51 wood 
HUD 512.50 513.00 119168 11400 40 13266.9 157.5 terr. leaves & wood - 
small sample 
KI 25.00 26.00 147845 1245 45 1177.8 61.5 small unidentified 
organic material 
KI 55.00 56.00 147846 3080 70 3278.4 89.8 small unidentified 
organic material 
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Table B.1 (cont.)      
Site 
Top 
Depth 
(cm) 
Bottom 
Depth 
(cm) 
CAMS 
14
C age ± 
Age (cal. 
Yrs. BP) 
SD Material 
KI 79.00 79.50 136624 5045 35 5807.7 58.4 charred needle 
fragments 
MP1 38.50 39.00 138445 955 35 858.9 43.3 needles 
MP1 40.50 41.00 138444 1095 35 1005.1 39.0 wood 
MP1 70.00 70.50 140847 1605 40 1483.9 50.5 wood 
MP1 102.50 103.00 138446 3125 35 3346.5 43.7 wood 
MP1 138.00 138.50 138447 3765 35 4130.5 64.9 needle 
MP1 179.00 179.50 138448 5365 35 6154.6 77.2 needles 
MP1 212.50 213.00 140856 5400 90 6167.6 105.9 needle 
MP1 244.50 245.00 138449 7055 40 7887.9 41.7 wood 
MP1 300.00 300.50 136622 7790 35 8563.2 39.5 charcoal (were seed 
pods?) 
MP2 52.00 52.50 147848 1400 70 1314.8 66.5 small unidentified 
organic material 
MP2 93.00 93.50 147847 2165 40 2189.7 80.0 small unidentified 
organic material 
MP3 35.00 35.50 143948 1035 30 952.4 31.7 wood 
MP4 33.50 34.00 136621 425 35 472.2 50.9 wood fragments 
MT 31.00 31.50 145837 1060 50 980.7 55.3 miscellaneous 
organics 
MT 31.00 31.50 143945 1075 35 990.2 38.9 wood fragment 
MT 57.00 57.50 140274 2250 70 2241.3 85.2 wood 
MT 87.00 87.50 147359 2985 40 3171.2 72.3 charred needle 
MT 100.00 100.50 138744 3670 50 4003.8 73.3 wood 
NJ 36.00 36.50 140898 1310 45 1232.9 46.3 needle fragments 
NJ 76.50 77.00 138450 1600 35 1477.9 44.4 wood 
PE 54.00 56.00 147850 1100 80 1029.2 92.1 small unidentified 
organic material 
PE 80.00 80.50 149360 3150 70 3367.1 83.6 small unidentified 
organic material 
PE 106.00 109.50 147849 3000 45 3193.5 77.7 small unidentified 
organic material 
PR 20.00 20.50 149361 1110 110 1038.6 119.5 small unidentified 
organic material 
PR 21.50 22.00 143949 1290 30 1228.9 36.2 charred needle 
PR 40.00 40.50 147851 2550 70 2604.3 106.4 small unidentified 
organic material 
PR 44.00 45.00 149365 2540 80 2592.3 112.3 charcoal peak 
PR 59.50 60.00 147852 2120 60 2115.1 96.7 small unidentified 
organic material 
RY 26.50 27.00 147853 2160 30 2190.1 77.1 small unidentified 
organic material 
RY 49.25 49.50 141858 5000 35 5745.9 70.9 charred needle 
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Table B.1 (cont.)      
Site 
Top 
Depth 
(cm) 
Bottom 
Depth 
(cm) 
CAMS 
14
C age ± 
Age (cal. 
Yrs. BP) 
SD Material 
RY 88.75 89.00 143950 7090 60 7909.5 59.0 charcoal 
SB 31.00 31.50 149362 1200 70 1125.3 82.1 small unidentified 
organic material 
SB 50.00 50.50 147854 5200 140 5971.9 165.2 small unidentified 
organic material 
SB 71.00 71.50 149363 2955 35 3126.3 64.6 small unidentified 
organic material 
SB 93.00 93.50 147855 3680 60 4017.3 85.9 small unidentified 
organic material 
SK 41.00 41.50 140897 1025 40 939.2 51.7 full needle 
SK 41.00 41.50 145838 1265 35 1206.5 48.5 miscellaneous 
organics 
SK 59.50 60.00 143952 1760 30 1668.7 47.7 charred needle 
SK 59.50 60.00 147358 1830 130 1758.3 153.9 misc organics 
SK 87.00 87.50 138453 2870 35 2997.4 60.1 wood 
TX 35.00 35.50 140900 980 40 875.6 50.6 needle fragments 
TX 65.00 65.50 147856 2020 40 1976.5 53.9 small unidentified 
organic material 
UT 25.00 25.50 143947 325 30 388.1 47.5 twig piece 
UT 79.00 79.50 147857 1115 45 1027.9 54.5 needle 
 
